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Abstract
Modem fabrication processes offer the microwave and millimetre-wave circuit designers 
a wide range of techniques and materials for realising planar circuits. Consequently, an 
in-depth analysis of the materials properties and their influence on particular planar 
design is needed to support the design process. The outcome of the research described in 
this thesis provides microwave and millimetre circuit designers with information on 
microwave performance of thick film conductors on 96% alumina substrates.
Design procedures for single layer and multilayer edge-coupled bandpass filters (ECBPFs) 
are developed and validated through practical measurements. These filter circuits were 
fabricated using photoimageable thick film technology at different frequencies. The 
influence of the fabrication process on the performance of single layer and multilayer 
ECBPFs circuits has been investigated. The measured results of multilayer ECBPFs are 
compared with those from conventional single layer circuits. The results have shown that 
the filters in multilayer structure can overcome the limitation of the conventional single 
layer components. The outcomes of the research work showed the performance benefits 
that accrue from the use of multilayer circuits, in terms of a significant improvement in 
bandwidth while maintaining the quality of filter roll-off. It is evident that high quality 
components with wide bandwidth are feasible with low cost fabrication processes using 
multilayer structures. An analysis of the fabrication error provided essential guidelines to 
the circuit designers for deciding the degree of alignment accuracy needed for a particular 
application.
Key words: Material properties, thick film technology, planar circuit, microwave and 
millimetre-wave bandpass filters, fabrication error.
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Chapter!
1 Introduction
1.1 Overview
In recent years, growing demand for mobile and modem wireless communication systems 
has received much attention in respect of low cost, high quality fabrication technologies. 
Size-reduction, cost effectiveness, electrical performance, and potential for high-volume 
production are essential issues that must be considered by the designers to achieve 
optimum circuit design. The performance of microwave and millimetre-wave 
communication systems relies on not only excellent design and analysis, but also the 
characteristics of materials and their corresponding fabrication technologies. Often the 
designers are facing a compromise between obtaining satisfactory performance of 
microwave and millimetre-wave components, and achieving low fabrication cost. The 
availability of more and more material types, and fabrication processes, has made this 
compromise more efficient to achieve.
Selection of the correct materials is a significant issue for the designers of planar 
microwave circuits. This aspect becomes increasingly important at millimetre-wave 
frequencies above 30GHz. Many commercial systems are operating at millimetre-wave 
frequency band, and there is now a wealth of substrate and conductor materials from 
which the circuit designers may choose. Thus, there is a need for some rigorous analysis 
of the materials properties, and their influence on particular planar design, to enable 
designers to make the most appropriate selection of materials and associated fabrication 
process for a given application to obtain an efficient design. The materials properties are 
important in the sense that parameters such as relative dielectric constant, dielectric loss 
tangent and thickness, must be characterised over a wide range of frequency. The 
challenge of designing the microwave circuits depends to a large degree on the specific 
fabrication process. Quite a number of fabrication processes are presently available to 
produce microwave circuits, and one may wonder how effective these are to produce
1
Chapter 1
optimized circuits which actually meet the requirements of the designer. Therefore, the 
designers have to decide carefully to make the most appropriate selection for a given 
application, by using the best fabrication technique.
Many studies have investigated the characteristics of materials using various fabrication 
processes, but there is little research to guide the circuit designers for the choice of 
material using particular fabrication process for a required application working at specific 
frequency band [9, 38, 39]. These researches investigated the influence of material 
parameters in limited range of operating frequency up to 10GHz, using specific substrate 
and conductor materials. In this research work, the investigation of materials parameters 
has been demonstrated for different materials with different values of relative dielectric 
constant (sr) and various thicknesses at different frequency bands, up to 80GHz. In 
addition, influences of the electrical properties of the substrate are significant for the 
millimetre-wave circuit designs, especially if the designers have a critical requirement to 
achieve wideband designs. Therefore, a general approach for the choice of material has 
not yet been developed. Basic questions have remained unanswered regarding the 
selection of the appropriate dielectric and conductor materials to achieve high 
performance of the planar circuits.
In this research work, new information has been obtained to compare and analyse the 
performance of a range of commonly available substrate materials over the frequency 
range 1GHz to 80GHz. The substrates considered were RT/Duroid 5870 {with copper 
conductors}, polymer {with copper conductors}, Low Temperature Co-fired Ceramic 
(LTCC) {with silver conductors}, 99.5% alumina {with silver conductors}. For the 
comparison, the key electrical parameters of the substrates have been considered, namely 
the relative dielectric constant, loss tangent, and thickness, as well as the effects and 
limitations of the associated fabrication process. For each substrate, the analysis of 
materials properties was applied to the design of typical microstrip components, namely 
patch antennas and filters. The patch antenna was chosen as a microwave component for 
demonstration of the effects of materials parameters, since its performance depends 
basically on the relative dielectric constant, thickness and the loss tangent of the substrate. 
Other parameters to be looked at are cost, thermal stability, reliability, environmental 
effects, ability of surface mount, ease of packaging, stability of materials and temperature
2
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reactive effects [1]. An investigation of the effects of materials properties on the designs 
at different frequency bands (2.5GHz, 25GHz and 77GHz) was performed for each 
substrate according to the material losses, the accuracy with which the component could 
be designed, and the size of the component. Clearly many of the parameters are 
interrelated, and it is not obvious from a simple inspection of the substrate properties 
which of the technologies will lead to the most effective design. The main objective of the 
thesis is to establish design rules and recommendations that will enable the designers to 
make the optimum choice of materials for a particular application. Also, the designers 
have to select the best technique of fabrication process such as printed circuit board (PCB) 
technique or conventional thick film and photoimageable thick film technologies.
Thin film technology has been widely used for high frequency components, and can meet 
the requirements of the high speed wireless systems, but is a relatively high cost 
technique. Thin film technology is well documented in the literature [67]. Thin film has a 
particular advantage over thick film in that finer resolution circuits can be made with 
better surface finishes. However, thin film is significantly more expensive than thick film, 
and the current work was restricted to low cost processes. This research work focused on 
thick film technology by using thick film conductors on 96% alumina substrates. The use 
of thick film technology for fabricating microwave circuits has the potential to achieve 
high performance with a low cost technique. The use of 99.5% alumina as part of the 
thick-film process will improve the electrical performance, but will significantly increase 
the cost of the circuits. Alumina is the most common thick film substrate. There are 
alternatives to alumina which are dielectrics that are printed and fired, but these are 
usually only used for multilayer circuits and have much less general applicability than 
alumina. Also, the characteristics of printed dielectrics are inferior to alumina.
The advances in thick film technology, notably in terms of lower material losses and finer 
line definitions, have enabled this relatively low-cost process to become a reliable option 
for the development of microwave and millimetre-wave passive components. In particular, 
photoimageable thick film technology can provide the high line and space resolution 
required by high frequency planar components.
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The investigation includes a feasibility study on thick film conductors on 96% alumina 
substrates applied to very critical microwave and millimetre-wave components, namely 
the edge-coupled bandpass filters (ECBPFs). ECBPFs are useful microwave and 
millimetre-wave planar components for demonstrating the effects of materials parameters, 
since their performance is very dependent on fabrication accuracy, the relative dielectric 
constant and also the loss tangent of the substrate. The filter performance is based on the 
coupling between the resonant sections and is controlled by the size of the coupling gap. 
These characteristics make edge coupled bandpass filters very sensitive to fabrication 
error.
Included in this project are design procedures for single layer ECBPF on 96% alumina 
substrate which are easy to implement with a maximum working bandwidth around 15- 
20%. In single layer filter designs, considerable adverse performance effects arise from 
fabrication error, particularly in the gap size of the end-coupled sections. Multilayer 
structures offer more flexibility in the design of circuits and can provide stronger coupling 
between conductors that is frequently needed in the design of filters, and this can be 
obtained easily by overlapping multilayer coupled lines, without the need for small gaps. 
Therefore, the design procedures for multilayer ECBPFs need to be developed and 
validated through practical measurements. These design procedures were found to be 
efficient and applicable for this type of filter design to meet the required specifications. 
The work has identified some critical aspects of the fabrication process that was not 
previously reported in the literature. However, the multilayer techniques provide the 
microwave and millimetre circuit designer the opportunity to design components in three 
dimensions, and often at low cost, but these advantages can be lost if there are significant 
error in the fabrication process. An analysis of plus/minus ten percent change of physical 
dimensions of the filter circuit is presented, using simulation package to investigate the 
influence of these changes on the final circuit performance. The figure of +/- 10% was 
chosen in this investigation according to the practical tolerance by material suppliers, 
which give a typical figure of 9-12% in some materials for some fabrication processes. 
This can help the designers to indicate the required tolerance needed in manufacturing the 
microwave and millimetre-wave components [23]. These researches investigated the 
influence of material parameters in limited range of operating frequency up to 10GHz, 
using specific substrate and conductor materials. The investigation on this aspect has
4
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provided a critical analysis of any possible sources of fabrication error and the degree of 
alignment accuracy, through simulation and measurements on practical components at 
microwave and millimetre-wave frequencies. This analysis of the fabrication error 
provides useful guidelines for designers and manufacturers, and indicates the required 
tolerance needed in manufacturing practical components.
1.2 Significance of the Thesis
This research work presents an investigation on the influence of the materials properties 
on the electrical performance of planar circuits over the frequency range of 1GHz to 
80GHz. The outcomes of this investigation will be useful for circuit designers to select 
the most appropriate material for a particular application, by using the best fabrication 
technique. Therefore, the development of a design approach with useful practical 
guidelines is important for microwave and millimetre-wave circuit designers. Thus, to 
formulate this design approach, there is a need for detailed analysis of the influence of 
material properties on particular planar designs.
The analysis has been presented by checking the influence of the materials properties 
associated with different fabrication techniques on the performance of certain microwave 
components. Representative circuits such as the microstrip patch antenna and edge- 
coupled bandpass filter (ECBPF) have been chosen for this research work. This analysis 
has been demonstrated via a feasibility study on ceramic substrates applied to ECBPF at 
different frequency bands, up to 35GHz, by using photoimageable thick film technology. 
An error analysis on the physical dimensions of the filter circuit has been presented to 
investigate the influence of these changes on the final circuit performance. This analysis 
will help designers and manufacturers to indicate the required tolerance needed in 
manufacturing the microwave and millimetre-wave components.
In addition, this research work investigates the effects that the photoimageable thick film 
process has on the performance of single layer and multilayer ECBPFs. Consequently, 
design procedures for single layer and multilayer ECBPFs have been developed and 
validated through practical measurements. The analysis of possible sources of error 
during fabrication process can provide useful practical guidelines for the material 
manufacturers and the circuit designers. The error analysis due to the layer-to-layer
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misalignment provides the circuit designers with useful information for the degree of 
alignment accuracy that would be acceptable in practical circuits.
1.3 Structure of the Thesis
Chapter 2: Essential Background
Chapter 2 identifies the key materials parameters of interest and their relationship with 
planar circuit performance in terms of relative dielectric constant, thickness and 
associated dielectric and conductor losses. Fundamental concepts of rectangular 
microstrip patch antenna and edge- coupled bandpass filter are described. This chapter 
also presents some information on different fabrication processes such as printed circuit 
board (PCB) technique, standard thick film and photoimageable thick film technologies.
Chapter 3: Influence of Material Parameters on Microstrip Patch Antennas
Chapter 3 presents investigation of the effect of some materials properties on the design 
and behaviour of the rectangular microstrip patch antenna at different frequencies. This 
chapter summarises the design rules to enable the antenna designers to make optimum 
choice of the materials and associated fabrication process for a particular application.
Chapter 4: Single Layer Edge-Coupled Bandpass Filters
Chapter 4 presents a single layer edge-coupled bandpass filter design and shows the 
simulated and measured responses for the circuits at microwave and millimetre-wave 
frequencies. This chapter shows some limitations for practical fabrication process. An 
analysis on the sources of error of physical dimensions has been mentioned to form 
predictions of circuit performance and references for future design.
Chapter 5: Multilayer Edge-Coupled Bandpass Filters
Chapter 5 describes design procedures of multilayer edge-coupled bandpass filter and 
presents the effect of alignment error between the conductor layers. This chapter includes 
the benefits of multilayer structures. This chapter also includes some critical issues of the 
fabrication process that have significant influence on the performance of multilayer edge-
6
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coupled bandpass filters. An analysis of the fabrication error can provide useful 
guidelines for alignment accuracy needed for a particular application.
Chapter 6: Conclusions and Suggestions for Future Work
Chapter 6  summarises conclusions of the project research and suggestions for future work.
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Chapter 2
2 Essential Background
2.1 Substrate Materials
A wide range of available substrates permits considerable flexibility for the design of 
microstrip antennas and planar circuits at microwave and millimetre-wave frequencies. 
The choice depends on the required application. The selection of substrate materials at a 
specific frequency for a particular application is the most important factor that must be 
taken into considerations in constructing microwave circuits, and should be investigated 
at the start of a practical design. In any application, the designer must carefully consider 
the required specifications and select the material with the most suitable electrical 
parameters to achieve the best performance.
2.1.1 Relative Dielectric Constant
The relative dielectric constant of the substrate material is the most sensitive parameter in 
the design of planar circuits. Propagation constant of an electromagnetic wave travelling 
in the substrate must be accurately known as well. The relative dielectric constant or 
substrate permittivity is critical, and is usually quoted by the manufacturer. Small 
variations in the tolerance on relative dielectric constant may cause a significant change in 
the resonant frequency and circuit performance. Therefore, substrates used in the design 
of microwave circuits need to be of a high quality in terms of stability in their mechanical 
and electrical properties.
The relative dielectric constant is the ability of material to keep an electrical field inside 
the material relative to air. The relative dielectric constant of air is equal to unity, so all 
other materials have relative dielectric constants greater than one. The dielectric impedes 
the microwave energy as it propagates through the material. The higher the relative 
dielectric constant, the slower the velocity of the microwave energy propagating through
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it [1]. There are a variety of substrate materials available with relative dielectric constants 
typically ranging from 1.17 to 25 and loss tangents from 0.0001 to 0.008. There are two 
main types of substrate materials: soft substrates and hard substrates. Soft substrates have 
flexibility to be easily sheared, drilled or milled. They are used in applications where all 
packaged parts can be soldered to the circuit board. A good example of soft substrate is 
polytetrafluoroethylene (PTFE)-based material. The PTFE substrate is reinforced with 
glass woven or glass random fibre to enhance the strength of the material [5]. The most 
commonly used fibreglass reinforced PTFE substrates are RT/Duroid 5870 (sr = 2.33) and 
RT/Duroid 5880 (sr = 2.2). PTFE materials can be also reinforced with ceramic powder to 
increase the relative dielectric constant, such as is done in RT/Duroid 6010 (er = 10.2).
The epoxy materials used for RF and microwave circuits are resins that contain a range of 
powders to impart particular electrical and physical properties. Most resins are produced 
from reactions between epichlorohydrin and bisphenol-A. Normally, the hardness of 
cured resin is controlled by addition of flexibilisers, such as polyamides. The chemistry of 
these resin materials used for high frequency applications is a quite complex, because in 
addition to controlling the flexibility of the substrate, the additives must prevent water 
digression and impart particular dielectric properties such as the value of dielectric 
constant. The epoxy-based plastic materials are relatively low cost. The relative dielectric 
constant of these materials has a range of er from 2.8 to 3. These materials can be used for 
applications requiring low relative dielectric constants. The loss tangent of these materials 
is of the order of 0 .0 1 2 , which is relatively high compared with other substrates. 
Therefore, the main advantage of replacing epoxy materials by other types of PTFE is to 
reduce the loss in the circuits [5].
PTFE materials are commonly used because of their electrical and mechanical properties 
in addition to the variety of thickness and sheet sizes available. The major impact of the 
properties on electrical performance is that of circuit losses. At millimetre-wave 
frequencies, loss is a critical issue, and fabrication techniques (and the associated 
materials) should be chosen to minimize substrate losses, and to minimize the surface 
roughness. The electrical properties can be influenced by stability of the relative dielectric 
constant with the frequency [5]. In addition, choosing a substrate with low loss can affect 
the electrical properties, as explained in the following section. RT/Duroid material is one
9
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of soft materials that are particularly useful for prototyping because they have the same 
characteristics as alumina.
Polymers are another class of materials that exhibit good microwave properties. These are 
carbon-based materials, made up of many molecular weights or a distribution of chain 
lengths of ethylene (C2 H4 ). These chains are combined together to form long structure [5]. 
The relative dielectric constant of polymers has a range of sr from 2.3 to 3.5, and loss 
tangent of 0.001 to 0.0085. In this research work, polymer has been used with a low 
relative dielectric constant {er = 2.5), loss tangent of 0.008 and surface roughness of 
0.3pm [31]. These are commonly used for printed circuit board (PCB) to provide low cost, 
and reliable microwave and millimetre-wave components.
One of main types of hard substrate is pure ceramic materials, namely alumina. Alumina 
substrate is based on aluminium oxide (AI2O3). It has low microwave loss and a good 
surface quality. It has excellent thermal properties including good dimensional stability 
and high thermal conductivity. Alumina is a popular material for production circuits 
operating at frequencies up to about 40GHz. There are two main types of alumina 
substrates, 99.5% Alumina (sr = 9.8 and loss tangent of 0.0001) and 96% Alumina (sr =
9.5 and loss tangent of 0.0004). These are hard, brittle materials, and are frequently used 
for applications requiring high relative dielectric constants. The difference between the 
two types of substrate is the greater level of impurities in the 96% alumina. The most 
common impurities in alumina compositions are magnesium oxide (magnesia) and silicon 
dioxide (silica). Dielectric constant, loss tangent, and surface finish are affected by these 
impurities. These impurities increase the loss, and the surface roughness [25]. The surface 
roughness of 99.5% Alumina is 0.2pm [34]. Thus, 99.5% Alumina substrate material has 
an advantage of smooth surface finish resulting in low loss circuits and make it an ideal 
material for high density microstrip circuitry. But, 96% Alumina has a surface roughness 
of 0.7pm, which is greater than 99.5% alumina [65]. So, 96% alumina is poorer for 
flatness, compared with 99.5% alumina. Other typical examples of hard substrates are 
Quartz (sr = 3.8), Sapphire (sr = 11.7) and Gallium Arsenide GaAs (sr = 12.3) [2]. 
Variations in the electrical properties of the substrate are significant for the millimetre- 
wave designers, especially if wideband designs are required. The accurate knowledge of 
the relative dielectric constant of the substrate at the operating frequency is essential, and
10
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can be obtained form the manufacturer's data sheet.
2.1.2 Dielectric Loss
The dissipation factor of the substrate material is another critical parameter affecting 
circuit performance in addition to the relative dielectric constant. The dissipation factor is 
also called loss tangent of the substrate {tan S). The loss tangent determines the amount of 
signal loss that occurs within the material in the form of heat. The dielectric loss can be 
expressed as follows [3]:
£r(£eff- l ) t m  S
a D = 21 . —  -------  (2.1)
where
tan S : loss tangent of the dielectric
seff : effective permittivity of the dielectric
X0 : free-space wavelength
As seen from equation (2.1), the dielectric loss depends on frequency, relative dielectric 
constant and loss tangent of the substrate. The loss tends to increase with the increase of 
frequency. The dielectric loss can be minimized by choosing a low loss material having a 
moderately low relative dielectric constant. Accordingly, low loss materials are required 
at high frequencies. For high frequencies up to 110GHz, the change in the loss tangent is 
more noticeable than the change in the relative dielectric constant [4].
2.2 Metals
It is important for microwave designers to investigate not only the substrates and how 
they react at high frequencies but also the metallisation on them. The designers have to 
realise that the metals are an integral part of the microwave circuits and systems. 
Therefore, it is worthwhile to know the properties of the metals as well as the substrates. 
Copper, silver and gold are widely used metals to satisfy applications throughout the
11
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microwave industry. The electrical conductivity is a measure of the ability of a material to 
conduct an electric current. Therefore, high electrical conductivity is required because the 
metal used in microwave circuits must carry high frequency currents with low losses. The 
metal is usually used as a conductor for a microwave circuit and considered as a part of 
the ground plane. Electrical conductivities of the metals listed are summarised in Table
2.1 [5].
Metal Conductivity ( x 106 S/m) Skin Depth (pm) at 10GHz
Silver 63 0.63
Copper 58.5 0.66
Gold 42.5 0.77
Aluminum 35 0.85
Indium 11.1 1.5
Tin 8.77 1.7
Lead 4.56 2.35
Table 2.1: Electrical conductivities of some metals.
Skin depth is one of the most fundamental issues in microwave engineering and one of 
the significant factors at millimetre-wave frequencies. Skin depth is a measure of how far 
electrical conduction takes place below the surface of a conductor. The skin effect occurs 
because of Faraday’s law, where an induced voltage forces the current to the surface of a 
material. The skin effect will concentrate the current on the surface of a conductor. The 
skin effect is the description given to the phenomenon where electromagnetic fields cause 
the current decay rapidly with depth inside a good conductor. Skin depth is the distance 
over which the current decreases by a factor He from its surface value. The distribution of 
current density with illustration of skin depth is schematically shown in Figure 2.1.
12
Chapter 2
Conducto
Is (Surface Current)
Current Distribution
Figure 2.1: The distribution of current density and the Skin effect of a conductor.
Skin depth ((5) can be expressed as follows [31]:
8 =  <2-2> 
W /4 A
where,
p : electrical resistivity of the metal, (p = 1/  o) 
f  : frequency of operation
n
po • permeability of free space ( p o -  47c x 10' H/m)
pr : relative permeability of the medium (jUr= 1 , for non-magnetic material which is used 
in research work)
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The electrical resistivity of the metal (p) can be found from the following expression:
p  = —  (2.3)
where,
a : conductivity of the material
Then, the skin depth can be given as follows [6 ]:
S =  .- 1-  (2.4)
Equation 2.4 is a well-known standard equation giving the current density at a depth (c>) 
below the surface of a conductor. Definition of this (S) is the depth at which the current 
density is 1/e of the surface value. This equation is valid for pure conductors, which are 
non-magnetic. In this research work, we are dealing sometimes with thick-conductors, 
which are not pure conductor after firing. Hence, the standard equation for this depth is 
still a very good approximation and allows us to study the effect of surface roughness.
Figure 2.2 shows the variation of skin depth with frequency for gold and silver conductors. 
Skin depth is proportional to the reciprocal of the square root of the frequency, and also to 
the reciprocal of the square root of the conductivity, as shown by equation 2.4. Therefore, 
there is significance in choosing a particular material. For example, silver (Ag) has better 
(~ 50%) conductivity than gold (Au) as indicated in Table 2.1, and it is a better choice for 
microwave and millimetre-wave applications. However, at millimetre-wave frequencies 
there is less difference between the skin effects in different materials.
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Figure 2.2: Variation of skin depth of gold and silver conductors with frequency.
At lower frequency, when the skin depth (<5) is greater than the thickness of the metal, the 
fields will penetrate through the microstrip line, and no longer support the microstrip 
modes. At higher frequency, when the skin depth (<5) is less than the thickness of the 
metal, the fields will be bound within the substrate. On the other hand, if the metal is too 
thick, when compared with the value of skin depth. Some current will be induced by the 
side of the microstrip line, and this effect should be included in the simulation of the 
design.
Figure 2.3 shows the effect of skin depth of the silver conductor on the quality of the 
conductor surface. This figure shows that the skin depth (c>) of the conductor at 1GHz is 
quite larger than 10GHz while S is more significant at millimetre-wave frequency band. 
When surface roughness increases, the conductor loss will increase as well. This is 
occurred when the current flows into the conductor surface decaying into bulk of the 
conductor. This current density will flow into the edges of conductor line and tends to 
concentrate on layer near of the surface of the conductor to uniform S. When the current 
approaches the skin depth, the resistance of the line begins to increase. Therefore, the
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surface roughness affects on performance of the microwave circuit. The surface 
roughness will result as conductor loss of microstrip line circuit. The quality of the 
conductor surface is important because the surface roughness will affect the conductivity 
of the conductor microstrip line. This indicates that careful attention must be given to the 
surface quality of conductors at microwave and millimetre-wave frequencies, and 
conductors should not be used if the surface is liable to tarnish or deteriorate with time. 
Consequently, the surface of the conductor has to be smooth as possible with well defined 
and sharp edges, in order to minimize the conductor loss [2 1 ].
1GHz
j 10GHz
y  ■ 30G H z
Is
(Silver)
Figure 2.3: Skin effect of silver conductor on the conductor surface.
Hence, the quality of conductor surface is critical for high frequency applications because 
the skin depth depends on the type of metal. The conductor loss is the loss due to heating 
in the conducting elements. The conductor loss has two components, namely bulk loss 
and the surface loss. Figure 2.4 shows the sources of loss in a microstrip line.
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Figure 2.4: Sources of loss in a microstrip line.
As the current approaches the skin depth, the resistance of the line begins to increase with 
the square root of frequency. The surface resistance (Rs) is given by [7]:
r . = £ (2.5)
where
p : electrical resistivity of the metal (p = Ha)
S : skin depth (given by equation 2.4)
The surface resistance can be expressed as follows [7]:
R. = W o
2<J
(2 .6)
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where 
CO = l7lf
Po : permeability of free space 
o : conductivity of the material
For transmission microstrip line, the conductor attenuation coefficient ac (dB/mm) is 
related to surface resistance (Rs), line width (W) and characteristic impedance (Z0) and it 
is given by [7]:
a  =8.686xl0"3- ^ -  (2.7)
WZ„
Taking the surface roughness into account, the formula of conductor loss becomes [7]:
a'c = a c {l + (2 /^ )tan ‘I[1.4(A/^)2]) (2.8)
where
A : r.m.s. surface roughness 
S : skin depth at the operating frequency
The conductor losses (bulk loss and surface loss) depend on the operating frequency, the 
surface roughness and the bulk resistance. As the frequency increases, the skin depth 
becomes less. As the current flows more and more to the surface, the resistance will be 
increase. The surface roughness of the material can influence the properties of the printed 
and fired microstrip circuits. The surface roughness will result in conductor loss of 
microstrip line circuit. Surface roughness will primarily affect the losses of the conductor 
line. Referring to Figure 2.5 from [6 6 ], it can be seen that the surface loss is about 11.1% 
of the total loss at 10GHz. It has been expected that the conductor loss to increase by this 
percentage due to the surface roughness [6 6 ]. The quality of the conductor surface is 
important because the surface roughness will affect on performance of the microwave
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circuit. The effect of surface roughness becomes pronounced at millimetre-wave 
frequencies. Therefore, the conductor loss will be more at high frequencies. In general, 
the conductor losses are more difficult to control than the dielectric loss [9].
0.04
0.035
0.03
f  0.025
« 0-02
0.015
0.01
0.005 -
16 208 12 24 284 32 36 40 44
Frequency (GHz)
Figure 2.5: Sources of loss for microstrip line [66]:
A - bulk conductor loss B - dielectric loss 
C - surface loss
2.3 Rectangular Microstrip Patch Antennas
Microstrip patch antennas are commonly used in microwave and millimetre-wave 
communication systems because they are light-weight, low profile, inexpensive to 
fabricate, suitable for mass production, and compatible with microwave and millimetre- 
wave integrated circuits [10, 11]. Microstrip antennas were proposed by Deschamps in 
the United States in 1953 and by Gutton and Bassinot in France in 1955 [12]. The first 
microstrip antenna was designed and fabricated in the early 1970’s by Howell [13] and 
Munson [14]. A microstrip antenna is a thin, flat electrical conductor separated from a 
ground plane by insulator material. Figure 2.6 shows the structure of rectangular 
microstrip patch antenna. The lower conducting layer is the ground plane, the dielectric
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material is the substrate and finally the upper conducting layer forms the patch. The 
rectangular microstrip circuit design depends on the most important parameters such as 
the width ( W), length (L), thickness o f the substrate (/?) and its relative dielectric constant 
(£r). The patch conductors usually made of copper, silver or gold.
* Fateh
Substrate
Ground Plane
W
Figure 2.6: Structure of a microstrip patch antenna.
When the patch is excited by a feed, a charge distribution is established on the underside 
of the patch and the ground plane as shown in Figure 2.7. At a certain instant of time, the 
underside o f the patch is positively charged and the ground plane is negatively charged. 
Because of the attractive forces, most of the charges hold between the two surfaces. 
However, the repulsive force between positive charges on the patch pushes some charges 
toward the edges. These charges are the source of the fringing fields. Most of the electric 
field lines concentrate in the substrate and some lines radiate out into the air. The fields of 
the patch are distributed around air/dielectric interface.
Fringing Fields
Patch
Ground Plane
Figure 2.7: Side view of microstrip patch antenna.
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The fringing fields between the edge of the patch and the ground plane are the primary 
factor that cause the patch to radiate. Hence, the effective dielectric constant {sefj) depends 
on the fringing fields at the interface. Therefore, the value of eeffis between the air (sr = 1) 
and relative dielectric constant of the substrate.
1 &eff < £r
seff can be found by equation (2.9) which shows clearly that the value of se/f depend on 
relative dielectric constant, substrate thickness and width of the patch [15].
The expression for %/-is given as follows [16]:
where seff • 
sr : 
h
W :
For an efficient radiator, the width W is given by [3]:
w  = —  (2 .10)
2 f r i s r + l
where c is the speed of light, f r and er are the resonant frequency and relative dielectric 
constant, respectively.
The length of the microstrip patch antenna is electrically larger due to the fringing fields 
such that the length o f the patch has been extended on each end by distance AL as shown 
in Figure 2.8.
* *  = £ y 1 +  i S r~ \  w
2J1+1V
effective dielectric constant 
relative dielectric constant 
thickness of substrate 
width of the patch
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Radiating Edges
Patch
AL lA
Figure 2.8: Top view of the Antenna.
AL can be estimated as follows [10]:
(s „ + 0 . 3 ) £  + 0.264)
AL = 0.412/z----------------2------------
-0 .258)(—  + 0.8)
For a given resonance frequency, the effective length is given as follows [10]:
L‘"  =
The required length of the patch can be found from the following equation [10]:
L = Leff-  2AL
(2.11)
(2 .12)
(2.13)
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The maximum frequency (f) at which the antenna is required to operate, the thickness (h) 
of the substrate should satisfy [17]:
,  ^ 0-3c „ .vh < ------- =  (2.14)
2nf
where c is the speed of light, (h) and (er) are the substrate thickness and substrate relative 
dielectric constant, respectively.
2.4 Bandpass Filters
2.4.1 A Two-Port Network
Filters play an important role in the modem communication systems to provide out-of- 
band rejection, to prevent inter-channel interference (ICI), and provide bandwidth 
requirements for system operation. In general, filters are used also for channel separation. 
They are always needed at the input of the wireless systems, to limit the frequencies 
transferred for the antenna to the input of the wireless system. Filters can be defined as a 
two-port networks which pass a desired range of frequencies while rejecting signals 
above and below the pass band. The scattering matrix can be applied to illustrate the 
performance of a network by considering the behaviours of the incident and reflected 
voltage waves as shown in Figure 2.9.
ai
Port 1
bi
Network
a 2
Port 2
b 2
Figure 2.9: A two-port network.
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ai denotes the complex incident voltage waves to the two port network while bi denotes
the complex outgoing voltage waves from the network. The scattering parameters of one 
port can be measured when all other ports are terminated at a matched load, normally 50H. 
This is to avoid the effect of any reflected energy from other ports. The scattering matrix 
of a two-port network can be written as follows:
[S] =
Sn s a
21 22
(2.15)
The iS-parameters are defined as following:
[Sn ] = —  = Reflection coefficient at port 1
b
[^21 ] = ~  = Transmission coefficient
ai
[iS 12 ] = —  = Reverse gain
a,2
b
[S22 ] = —  = Reflection coefficient at port 2
a2
Based on the explanation of the scattering parameters, insertion loss (IL) and return loss 
(RL) are defined as the transmission and reflection coefficients, and expressed in dB as:
IL = 20 log I5'211 (2.16)
RL = 20 log \Sn I (2.17)
Insertion loss and return loss are the main parameters used to express the specification of 
the filter design and illustrate the signal frequency response. The network analyser is used
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to measure the scattering parameters of an /'/-port microwave network.
2.4.2 Microstrip Coupled-Lines
A microstrip line structure consists of a dielectric substrate positioned by two strip 
conductors which are the conductor line and ground plane as shown in Figure 2.10. W  and 
t are the width and thickness of the conductor, respectively while h and sr are the 
thickness and relative dielectric constant of the substrate, respectively.
W
■* ►
h
Ground Plane
Figure 2.10: Geometry of microstrip transmission line.
When two microstrip transmission lines are located close to each other, power could be 
coupled between these two lines due to the interaction of the electromagnetic fields 
associated with each line. Figure 2.11 shows a microstrip coupled-line structure that 
consists of two conductors in close proximity. The coupled line structure supports two 
independent propagation modes, the even and odd modes, and this feature can be used in 
the design of filters. Figure 2.12 shows even and odd mode excitations for the microstrip 
coupled lines. The even mode exits when the transmission lines have the same potential 
(Figure 2.12 (a)) while the odd mode exits when the transmission lines have opposite 
potentials (Figure 2.12 (b)) [18].
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Figure 2.11: Geometry of microstrip coupled-lines.
T t i O i T f
(a) (b)
Figure 2.12: Even and odd mode excitations for microstrip coupled lines.
The microstrip coupled lines structure can be used for the design of single layer edge- 
coupled bandpass filter. [19] explains the procedure to calculate the admittance inverters 
and the modal impedances for each coupled line section. Equation (2.18) could be applied 
to find the admittance inverter for each coupled line section then the values of the even 
and odd mode impedances can be found by equation (2.19), [19].
Z QJ  i  —
1 7JA
2  7
(2.18a)
z„Jn =
7th
, for n = 2, 3, ...N (2.18b)
- 1 6 ,!
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N&N+l
(2.18c)
Where Zo is port impedance, Jn is the value of admittance inverter, gn is the normalized 
element value of the nth section, and A is fractional bandwidth [19].
After the even and odd mode impedances are found, the physical dimensions for each 
coupled line section of bandpass filter can be obtained by using Line Cal of ADS. Further 
design analysis will be discussed in Chapter 4.
2.5 Fabrication process
2.5.1 Thick-Film Technology
Thick film technology is a highly flexible and low-cost fabrication process for many 
applications such as digital integrated circuits, high-power and high-voltage circuits, and 
also high frequency microwave circuits. The thick films are produced by screen printing 
of conducting and insulating materials on ceramic substrates [2 0 ].
O^e(rt) ~ ^0  1 + J nZo + (J nZQ ) (2.19a)
(2.19 b)
Multilayer Process
Printing -----> Drying  ► Firing  ►
Figure 2.13: Thick Film Process.
27
Chapter 2
Figure 2.13 shows the thick film process that can be used to fabricate the microwave 
component. The standard screen-printing process includes the three conventional steps of 
pattern printing, drying, and firing. Printed-line definition is dominated by the mesh 
density which includes the diameter of mesh wire for the shapes of lines. The paste 
viscosity is influenced by room temperature, the pressure, angular position and hardness 
of squeegee are all significant factors in establishing the thickness of the print. The thick 
film paste is applied as a pattern by screen printing on to the insulating substrate. Drying 
is applied to the printed thick film layer to remove volatile solvents, this can be achieved 
in a natural-drying oven with an optimized temperature of 80°C, for 20 minutes. The 
firing is performed in programmable single-chamber furnace to provide the high density 
thick film structure. The firing profile is that recommended by the manufacturer, at 850°C 
for 6  hours. The firing process not only removes the remaining organic binders but also 
develops the electrical properties [2 1 ].
The surface roughness of the 96% alumina substrate (A = 0.7 pm) is important because it 
will affect the surface roughness on the bottom of the printed conductor layer [65]. The 
surface roughness will result in conductor loss of microstrip line circuit. When the surface 
roughness increases, the conductor loss will be higher. Surface roughness will mainly 
affect the losses of the conductor line. Referring to Figure 2.5, it can be seen that the 
surface loss is about 22.8% of the total loss at 40GHz [6 6 ]. The quality of the conductor 
surface is important because the surface roughness will affect on performance of the 
microwave circuit. The effect of surface roughness becomes pronounced at millimetre- 
wave frequencies. Surface smoothness of the printed layer relies on the stroke stability of 
the squeegee and the fluidity of the blade. Therefore, optimized settings of the printing 
machine including down-force pressure, and speed of stroke movement, are required. The 
screen is composed of an emulsion layer and stainless steel mesh with an assembling 
frame for robustness and stability during the printing action. The recommended emulsion 
thickness of their corresponding mesh counts for conductor paste printing are 18pm (325 
Mesh). These settings produce the fired thickness of conductor to be about 10-12pm per 
layer [2 2 ].
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2.5.2 Photoimageable Thick Film Technology
Photoimageable thick film technology provides a viable fabrication process for wireless 
circuits at microwave and millimetre-wave frequencies. The drawback of conventional 
thick film technology is that the minimum conductor dimensions are limited to about 
100pm because of the apertures in the screen. However, this limitation can be overcome 
by photoimageable thick film technology. Figure 2.14 shows the sequential stages of a 
photoimageable thick film process to fabricate single layer or multilayer component. The 
photoimageable process is an extension of the conventional thick film technology that 
standard thick film paste is replaced by photosensitive material. This material paste is a 
combination of photosensitive vehicle and metal-glass powders.
Drying FiringPrinting
Standard Thick Film 
Process
Photoimageable 
Thick Film Process
Figure 2.14: The photoimageable thick film process.
Develop
The process starts with the printing stage. The thick film paste is printed over the total 
area of the substrate. Then, the printed thick film layer has to be dried at 80 degrees for 20 
minutes to evaporate the solvent used in the paste. This stage can be processed without 
any special lighting or needed to any special atmosphere conditions or subsequent drying 
stages. The printed and dried thick film layer is then exposed to a high intensity 
ultraviolet light through a negative photo mask. The exposure time is between 5 and 30 
seconds and it depends on the type of paste and the dried thickness [23]. The developing 
process takes 10  seconds to remove the unexposed regions by using mono-ethanol amine
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as developer [24]. The firing is performed in a thick film furnace at temperature around
850°C for 6  to 8 hours to provide the high density thick film structure such that the
electrical properties and characteristics of the material are activated after the firing 
process.
2.5.3 Printed Circuit Board (PCB) Technology
Printed circuit board (PCB) technology is one of the widely used fabrication processes, 
which has advantages of high performance, high packaging density, reliability, and low 
cost consideration. The process is simple, however, the designer has to be careful and 
precise during the process stages to ensure that the design can be finalised accurately with 
small fabrication errors. If the circuit does not meet the required resolution, the complete 
procedure must be repeated.
The steps involved in fabricating a PCB [25]:
• Preparation of a design layout using a simulation software package
• Drawing the circuit’s outline
• Preparation of the mask
• Application of the photoresist material to the circuit board by spin coating
• Placement of the artwork (positive mask) on the material
• Exposure of the circuit, followed by development and etching
Figure 2.15 shows the Printed Circuit Board (PCB) process. Further details of the PCB
process are discussed in chapter 4. Some expected fabrication problems can be anticipated 
and the circuit has to be checked carefully for any defects. Problem areas that should be 
considered by the designer are [5]:
• Cracks in the lines
• Pits in the metallisation
• Rounded comers on the lines instead of sharp comer
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Figure 2.15: Printed Circuit Board (PCB) Process.
In this research work, the first two problems were not investigated. Cracks in the lines are 
not common in PCB, unless the designer is using very thin flexible substrates. Pits are 
really significant only for thick film conductors.
Undercutting of the metallisation and rounded comers of the lines have been investigated 
in this research work. The chemical etching can be used to form the required patterns 
using a conventional, high-quality PCB process. The etching process has to be done by 
dipping the board in an acid (Ferric Chloride), in order to etch unwanted metal such as 
copper. During the chemical etching of the unwanted metal, the acid does not remove the
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metal uniformly, but yields a curved or rounded cross-section instead of rectangular sharp 
edges of the lines [25]. This can change the dimensions of the conductor lines, leading to 
the change of values of odd and even mode impedances (Z0e and ZoQ) in the fabricated 
circuit. This will cause a mismatch, and result to a worse return loss.
The phenomenon of undercutting takes place in the metal deposition as shown in Figure 
2.16. The width and the length of the conductor line decreased after the etching process. 
The reason of the shrinkage of the width of each filter section was mainly due to the 
effect of the undercutting of the metallization in the fabrication process. The effect of the 
shrinkage of the dimensions was the main reason for the reduction of the measured 
bandwidth, and for the poor return loss. The return loss depends on the conductor 
dimensions being correct so as to maintain the correct odd and even mode impedances, 
which were defined in section 2.4.2. Hence, it is an essential issue for the designer to 
obtain the effective dimensions of the filter sections after the etching process considering 
the effect of the undercutting of the metallization. In the present work, measurements of 
line width on the photo-masks as well as the etched circuits were made. In the latter case, 
the width of the fabricated lines was less than on the mask, showing clearly that 
undercutting had taken place (measured data to support this are given in chapter 4 (Table 
4.20)).
Further analysis of undercutting of the metallisation and rounded comers of the lines 
limitation will be discussed in chapter 4. In order to provide essential guidelines for the 
designers, it is necessary to monitor the effect of the undercutting of the conductor as 
possible to improve the performance of the microwave and millimetre-wave planar 
circuits.
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Figure 2.16: Effect of undercutting.
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Chapter 3
3 Influence of Material Parameters on Microstrip 
Patch Antennas
3.1 Introduction
The designers of microwave and millimetre-wave planar circuits are faced with an 
increasingly diverse range of substrate and conductor materials on which to fabricate the 
circuits. The correct choice of the materials for a particular application is crucial to 
achieve an efficient design. Therefore, there is a need to investigate the effect of materials 
parameters on the performance of the circuit at different frequencies. Consequently, 
design rules can be established to enable the circuit designers to make an optimum choice 
of the materials and associated fabrication process for a particular application.
This chapter focuses on the effect of some materials parameters on the performance of the 
rectangular microstrip patch antenna. The patch antenna is a widely-used component at 
microwave and millimetre-waves frequencies. The antenna can then be used as a test 
circuit for analysing the materials, and for developing design rules for the selection of the 
materials.
3.2 Design Procedure for Rectangular Microstrip Patch Antennas
The substrates considered in this chapter were RT/Duroid 5870 {with copper conductors}, 
polymer {with copper conductors}, Low Temperature Co-fired Ceramic (LTCC) {with 
silver conductors} and 99.5% alumina {with silver conductors}. For each substrate the 
design of a rectangular microstrip patch antenna was performed at 2.5GHz, 25GHz and 
77GHz. In this chapter, a rectangular microstrip patch antenna of width (W) and length (L) 
was considered and printed on a substrate material with relative permittivity (er) and a 
thickness of h, as defined in Figure 3.1.
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Microstrip Feed Patch
A
Substrateh
Ground Plane
Figure 3.1: Rectangular microstrip antenna element with dimensional parameters.
The three essential parameters for the design of a rectangular microstrip antenna are:
• Frequency of operation (f0)
• Relative dielectric constant of the substrate (sr)
• Thickness of dielectric substrate (h)
The dimensions of the rectangular microstrip patch antenna can be obtained using 
equations (2.10) to (2.13). The simulation for a patch antenna with various materials 
parameters was performed for different thickness of each substrate at 2.5GHz, 25GHz and 
77GHz. The comparison between the performances of each patch antenna was 
investigated in terms of the bandwidth and the gain. The software used to model and 
simulate the microstrip patch antenna was ADS® Momentum® (Advanced Design System 
from Agilent). It is used to determine the ^-parameters, return loss bandwidth, impedance 
matching, and provide a prediction of the overall response.
3.3 Common substrate materials
3.3.1 RT/Duroid 5870
In general, RT/Duroid substrates are available with relative dielectric constant (sr) ranging 
from 2.1 to 10.2. Rogers RT/Duroid 5870 has er = 2.33 with loss tangent about 0.0012 
[26]. RT/Duroid 5870 is used in etching printed circuits because it is easy cut, sheared
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and machined to shape. Normally it is supplied as a laminate with rolled copper foil on 
both sides [5].
The dimensions of a rectangular microstrip patch antenna on RT/Duroid 5870 were 
calculated by applying the equations (2.10) to (2.13). The patch dimensions on 
RT/Duroid5870 at 2.5GHz, 25GHz and 77GHz are summarized in Table 3.1.
RT/Duroid 5870 
(sr = 2.33, h = 0.5mm)
/(G H z) 2.5 25 77
W (mm) 46.5 4.65 1.51
£eff 2.29 2.1 1.96
AL (mm) 0.26 0.25 0.23
L  (mm) 39.1 3.63 0.92
Table 3.1: The patch dimensions on RT/Duroid 5870 at 2.5GHz, 25GHz and 77GHz.
Figure 3.2 and Figure 3.3 show the relationship between the frequency of operation and 
the width and length of the patch at substrate thickness of 0.5mm, respectively. It is seen 
that the higher the operation frequency, the lower the patch dimensions.
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Figure 3.2: Operating frequency versus patch antenna width.
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Figure 3.3: Operating frequency versus patch antenna length.
Figure 3.4 shows the effect of substrate thickness (h) on patch length at 2.5GHz. It is clear 
from the figure that the higher the substrate thickness, the lower the patch length. Table 
3.2 summarises the simulated results of centre frequency, return loss (LS'nlmin), return loss 
bandwidth (7?ZJ3W<-10dB), and gain of the microstrip antenna on RT/Duroid 5870 in 
terms of different substrate thicknesses at 2.5GHz. The gain expressed in dBi of the patch 
antenna is defined as the ratio of the intensity in a given direction to the radiation 
intensity that would be obtained if the power accepted by the antenna were radiated 
isotropically [16].
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Figure 3.4: Variation of the length (L) of the patch as a function of the thickness ill) of
RT/Duroid 5870 material.
h (mm) fo (GHz) ISllI min (dB) RLBW (%) Gain (dBi)
0.5 2.46 -42.44 0.96 6.14
1.0 2.45 -27.27 1.05 6.66
1.5 2.44 -38.07 1.55 6.88
2.0 2.43 -28.96 2.00 6.93
2.5 2.42 -21.60 2.35 6.94
3.0 2.41 -46.26 3.50 6.98
Table 3.2: Simulated results for a patch antenna on RT/Duroid 5870 at 2.5GHz.
It is observed from Figure 3.5 that with an increase in substrate thickness from 0.5mm to 
3mm, the return loss bandwidth of the antenna increases up to 12%. So, it can be 
concluded that as the thickness of RT/Duroid 5870 increases, the bandwidth will be wider.
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Figure 3.6 indicates that with an increase in the thickness of RT/Duroid 5870, the gain 
will be higher. The increase of substrate thickness confines less fields within the substrate, 
results in the increase of the bandwidth and the gain of the patch.
Figure 3.5: Simulated return loss bandwidth as a function of substrate thickness of 
RT/Duroid 5870 material for a patch antenna at 2.5GHz.
h (mm)
Figure 3.6: Simulated gain results versus substrate thickness of
RT/Duroid 5870 for a patch antenna at 2.5GHz.
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3.3.2 Alumina
Alumina (AI2O3) is one of the most commonly used substrate materials. It has low 
microwave loss and a good surface quality. It has excellent thermal properties including 
good dimensional stability and high thermal conductivity. Alumina is a popular material 
for production circuits operating at frequencies up to about 40GHz. 99.5% Alumina has sT 
equal to 9.8 with loss tangent around 0.0001, while 96% alumina has sT equal to 9.5 with 
loss tangent around 0.0004. Figure 3.7 shows the effect of dielectric thickness (h) on 
patch length at 2.5GHz. It is clear from the plot that the higher the substrate thickness, the 
lower the patch length.
19.4 n
19.35 -
19.3 -
19.25 -
19.2 -
19.15 -
19.1 -
19.05 -
19 -
18.95
0.40.2 0.6 0.8
h (mm)
Figure 3.7: Effect of h on length of microstrip patch antenna on 99.5% alumina.
Table 3.3 summarises the simulated results of centre frequency, return loss (LSnlmm), 
return loss bandwidth (RLBW<-lOdB), and gain of the microstrip antenna on 99.5% 
alumina in terms of different thicknesses at 2.5GHz.
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h (mm) fo (GHz) ISllI min (dB) RLBW (%) Gain (dBi)
0.127 2.496 -33.516 0.30 0.225
0.381 2.485 -38.797 0.31 2.238
0.635 2.47 -30.247 0.32 3.527
1.016 2.45 -28.624 0.38 4.62
1.27 2.431 -28.877 0.41 4.745
Table 3.3: Simulated results for a patch antenna on 99.5% alumina at 2.5GHz.
Figure 3.8 and Figure 3.9 show the variation of the bandwidth and the gain versus the 
alumina thickness at 2.5GHz, respectively. As the thickness increases, the bandwidth and 
the gain increase. The increase of substrate thickness results in the increase of fringing 
fields, wider bandwidth and higher gain.
0.45
0.35 -
0.15 -
0.05 -
0.2 0.4 0.6 0.8
h (mm)
Figure 3.8: Simulated return loss bandwidth results versus substrate electrical thickness of
99.5% Alumina for a patch antenna at 2.5GHz.
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Figure 3.9: Simulated gain results versus substrate electrical thickness of 
99.5% alumina for a patch antenna at 2.5GHz.
3.4 Comparison of Influence of Materials Parameters
The simulation for a patch antenna with different materials was completed at 2.5GHz, 
25GHz and 77GHz. The comparison between the performances of each patch antenna had 
been illustrated according to the bandwidth and the gain. Table 3.4 summarises some 
parameters for each substrate used in this project [19, 31, 34].
Material s r tan S
Surface
Roughness
(Mm)
Conductor Fabrication Process
RT/Duroid
5870 2.33 0 .0 0 1 2 0.3 Copper PCB
Polymer 2.5 0.008 0.3 Copper PCB
LTCC 7 0.003 0.5 Silver LTCC
99.5%
Alumina 9.8 0 .0 0 0 1 0 .2 Silver
Photoimageable 
Thick Film
Table 3.4: Parameters of each substrate.
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3.4.1 Comparison of Effect of Material Parameters at 2.5GHz
The simulations were performed for the substrates mentioned in Table 3.4 at 2.5GHz. The 
simulated return loss bandwidth results are shown in Table 3.5. It is observed from Table 
3.5 and Figure 3.10 that as the thickness of substrate increases, the bandwidth of each 
substrate will be wider.
h
(mm) RT/Duroid 5870 Polymer LTCC 99.5% Alumina
0.254 0.84 % 0.79 % 0.60% 0.31 %
0.635 1.20% 1.12% 0.73 % 0.32 %
1.27 1.26% 1.18 % 0.86 % 0.41 %
Table 3.5: Simulated return loss bandwidth for a patch antenna on each substrate at
2.5GHz.
RT/Duriod 5870 
Polymer 
LTCC 
Alumina
0.2
0.2 0.4 0.6
h (mm)
Figure 3.10: Simulated return loss bandwidth results versus substrate thickness for a patch
antenna at 2.5GHz.
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The simulated gain results are shown in Table 3.6. Figure 3.11 indicates that with an 
increase in the thickness of the substrate, the gain will be higher. Thus, using the thick 
substrates, the fringing fields will increase at the edge of the patch, which leads to an 
increase of the bandwidth, gain and the radiation efficiency.
RT/Duroid 5870 Polymer LTCC 99.5% Alumina
h
(mm) Gain (dBi) Gain (dBi) Gain (dBi) Gain (dBi)
0.254 5.52 5.34 3.04 2.87
0.635 6.35 5.92 3.96 3.53
1.27 6.86 6.02 5.74 4.75
Table 3.6: Simulated gain results for each substrate for a patch antenna at 2.5GHz.
—  RT/Duriod 5 8 7 0
—  Polym er
—  LTCC 
— Alumina
0 .5
h (mm)
Figure 3.11: Simulated gain results versus substrate thickness for a patch antenna at
2.5GHz.
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Figure 3.12 shows the variation of the bandwidth and the gain versus the relative 
dielectric constant at 2.5GHz using the same thickness of each substrate of 0.254mm. It is 
clearly observed that bandwidth and the gain decrease with an increase in the relative 
permittivity of the substrate. Higher relative permittivity of the substrate confines more 
fields within the substrate, resulting in the decrease of bandwidth and the gain of the 
patch.
 BW% at 2.5GHz
 Gain (dBi) at 2.5GHz
Figure 3.12: Simulated return loss bandwidth and the gain results versus relative dielectric 
constant of substrate for a patch antenna at 2.5GHz.
3.4.2 Comparison of Effect of Material Parameters at 25GHz
The simulations were performed for same substrates at 25GHz. The simulated bandwidth 
results are shown in Table 3.7. It is observed from Table 3.7 and Figure 3.13 that with an 
increase in thickness of the substrate from 0.128mm to 0.5mm, the return loss bandwidth 
of the antenna increases by 3%. So, it can be concluded that the increase of substrate 
thickness results in the increase of fringing fields and wider bandwidth.
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RT/Duroid 5870 Polymer LTCC 99.5% Alumina
h (mm) BW % BW % BW % BW %
0.128 2.16 1.87 1.26 1.08
0.25 3.05 2.77 1.79 1.44
0.5 5.57 5.46 4.04 3.94
Table 3.7: Simulated return loss bandwidth results for a patch antenna on each substrate at
25GHz.
 RT/Duriod 5870
P olym er
 LTCC
A lum ina
0.2 0.3 
h (mm)
0.4 0.5 0.6
Figure 3.13: Simulated return loss bandwidth results versus substrate thickness for a patch
antenna at 25GHz.
The simulated gain results are shown in Table 3.8. Figure 3.14 indicates that with an 
increase in the thickness of the substrate, the gain will be higher but with the increase of 
the relative dielectric constant, the gain will be lower.
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RT/Duroid 5870 Polymer LTCC 99.5% Alumina
h
(mm) Gain (dBi) Gain (dBi) Gain (dBi) Gain (dBi)
0.128 5.03 2.95 2.32 2.01
0.25 5.80 3.18 2.47 2.06
0.5 5.88 4.98 3.37 3.26
Table 3.8: Simulated gain results for a patch antenna on each substrate at 25GHz.
 RT/Duriod 5870
 Polymer
 LTCC
 Alumina
0.3 
h (mm)
0.2 0.4 0.5 0.6
Figure 3.14: Simulated gain results versus substrate thickness for a patch antenna at 25GHz.
Figure 3.15 shows the effect of versus the relative dielectric constant on the bandwidth 
and the gain at 25GHz using the same thickness of each substrate of 0.25mm. It is 
observed that bandwidth and the gain decrease with increasing the relative dielectric 
constant. At 25GHz, when the relative dielectric constant is increased from 2.33 to 10, the 
gain variation drops rapidly by 3.14dBi due to decrease in the fringing fields. Figure 3.16 
illustrates the effect of the operating frequency on the bandwidth when the thickness of
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each substrate material is 0.25mm. It is seen that the higher the frequency, the bandwidth 
becomes wider. The substrate thickness is relatively thicker at higher frequency and as 
mentioned earlier that the increase of substrate thickness results in the increase of fringing 
fields and wider bandwidth.
 BW % at 25GHz
—  Gain (dBi) at 25GHz
sr
Figure 3.15: Simulated return loss bandwidth and gain results versus relative dielectric 
constant of each substrate for a patch antenna at 25GHz.
2.5 -
 RT/Duriod 5870
 Polymer
 LTCC
 Alum ina
20 25 30
f (GHz)
Figure 3.16: Simulated bandwidth results versus operating frequency for a patch antenna.
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3.4.3 Comparison of Effect of Material Parameters at 77GHz
The simulations were performed for the substrates at 77GHz. RT/Duroid 5870 has been 
excluded for this part because the suitable thickness for constructing the patch antenna at 
77GHz is not available as a standard thickness from the manufacturer. Table 3.9 and 
Figure 3.17 show that the variation of the bandwidth versus the thickness of each 
substrate. As the thickness increases, the bandwidth of each substrate will be wider. 
However, with the increase in the relative dielectric constant, the bandwidth becomes 
narrower.
Polymer LTCC 99.5% Alumina
h (mm) BW % BW % BW %
0.05 3.634 2.26 1.24
0.10 5.217 3.71 2.09
0.128 5.74 3.84 2.45
Table 3.9: Simulated return loss bandwidth for a patch antenna on each substrate at 77GHz.
 Polymer
 LTCC
 Alumina
0.05 0.15
h ( m m )
Figure 3.17: Simulated bandwidth results versus substrate thickness at 77GHz.
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Table 3.10 and Figure 3.18 illustrate the estimation of the gain versus the thickness for 
each substrate at 77GHz. It is observed that the greater the thickness of the substrate, the 
higher the gain.
Polymer LTCC 99.5% Alumina
h (mm) Gain (dBi) Gain (dBi) Gain (dBi)
0.05 4.17 3.14 2.61
0.10 5.23 4.56 4.2
0.128 5.81 4.95 4.7
Table 3.10: Simulated gain results for a patch antenna on each substrate at 77GHz.
 Polymer
 LTCC
 Alumina
0.04 0.060.02 0.08 0.12 0.14
h (mm)
Figure 3.18: Simulated gain results versus substrate electrical thickness at 77GHz.
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3.5 Design Rules
The following points can be summarised from the simulation results:
• The physical dimensions become smaller when the operating frequency goes higher. 
The microstrip patch antenna radiates at resonance frequency. So, the patch has to be 
typically half a guided wavelength long. When the frequency increases, the 
wavelength will be smaller. Therefore, the physical dimensions will be smaller.
• At a certain frequency, the higher the substrate thickness, the lower the patch length.
• The bandwidth becomes wider when the substrate thickness increases.
The increase of substrate thickness confines less fields within the substrate and more 
radiating field to the air, results in the increase of the bandwidth.
• The gain becomes higher when the substrate thickness increases.
The increase of the substrate thickness results in the increase of the fringing fields, 
leading to higher gain.
• When the relative dielectric constant decreases, the bandwidth will increase.
Lower relative dielectric constant of the substrate confines less fields within the 
substrate, resulting in the increase of bandwidth
• When the relative dielectric constant decreases, the gain will increase.
Using the substrate with lower relative dielectric constant, the fringing fields will 
increase at the edges of the patch, which leads to an increase of the gain.
• The higher the frequency, the bandwidth becomes wider.
The substrate thickness is relatively thicker at higher frequency. So, the increase of 
substrate thickness results in the increase of fringing fields and wider bandwidth.
The simulation results can be demonstrated on the design of patch antenna at 25GHz as
an example as follows:
• For antenna design, choose a substrate with low relative dielectric constant (£r), for 
example RT/Duroid 5870 (sr= 2.33).
• Choose a higher thickness Qi) in order to get wider bandwidth and higher gain, but not 
greater than (h = 0.37mm), which was defined by equation (2.14), [17]:
h <
0.3 c
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And, that to avoid any excitation of the surface wave mode. Then, select h = 0.25mm 
as provided from the manufacturer data sheet.
• Calculation of width (W) of the microstrip patch by using equation (2.10), [3]:
where, /  =25GHz and sr = 2.33. So, the required width is (W  = 4.65mm).
• Most of the electric field lines concentrate in the substrate and some lines radiate out 
into the air. Hence, effective dielectric constant (eeff) depends on the fringing fields at 
air/dielectric interface, and the value of seff is between the air (er = 1) and sr = 2.33 of 
RT/Duriod 5870.
The effective dielectric constant (seff) can be found by using equation (2.9), [16]:
where, sr= 2.33, h = 0.25mm, W = 4.65mm 
So, the value of seff=  2.09.
• The length (L) of the microstrip patch antenna is electrically larger due to the fringing 
fields such that the length of the patch has been extended on each end by distance AL, 
AL can be found by using equation (2 .11), [ 10]:
where, sejf = 2.09, h = 0.25mm, W = 4.65mm 
So, the AL = 0.25mm.
• For a given resonance frequency (f = 25GHz), the effective length (Leff) is given by 
equation (2 .12), [10]:
AL = 0.412 h
(eelf + 0 .3 )0^  + 0.264) 
h
(e #  -0 .2 5 8 )0 ^  + 0.8) 
h
where, seff = 2.09. Lejj was found to be 4 .15mm.
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• Calculation of the required length (L) of the microstrip patch by using equation (2.13), 
[10]:
L = Leff -  2 AL
The required length of the patch was found, L = 3.62mm.
• By using Table 3.7, the simulated return loss bandwith (.RLBW) result was found,
RLBW = 3.05%. Return loss bandwidth was calculated as a range of frequency on
either side of operating frequency of 25GHz, for which return loss response was
below lOdB.
• By using Table 3.8, the simulated gain result was found, gain = 5.8dBi.
• Copper can be used as conducting material.
• The fabrication process is the printed circuit board (PCB).
Figure 3.19 shows the flow chart of the general design procedure. The design rules can be 
established to enable the designers to make the optimum choice of the materials for a 
particular application.
£ r
S p e c i f i c a t i o n
F r e q u e n c y
T h i c k n e s s  ( h )
D i e l e c t r i c
F a b r i c a t i o n
P r o c e s s M a t e r i a l
M e t a l
Design
Application
Figure 3.19: Flow chart of the general design procedure.
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The design rules can be summarised as follows:
1- Specify the required application, for example microstrip patch antenna.
2- Identify the specifications of the design.
3- State the centre frequency of the design.
4- Estimate the initial value of relative dielectric constant.
5- Choose the value of the thickness of the substrate.
6 - Decide the process of the fabrication with the appropriate material.
7- Choose the most suitable materials (dielectric and metal).
8 - Check the final value of the relative dielectric constant and the substrate 
thickness.
9- Start the design after checking all parameters and selecting the appropriate 
fabrication process.
3.6 Summary
At high end of the microwave spectrum, the low relative dielectric constant material is 
more efficient with respect to the size considerations because it will result in more 
reasonable dimensions of the component. Thus, using the substrates with lower 
permittivity, the fringing fields will increase at the edge of the patch, which leads to an 
increase of the bandwidth, gain and the radiation efficiency. However, using the high 
relative dielectric constant material at the lower end of the microwave spectrum, the 
dimensions of the patch are easier to assemble on a circuit board and conform to the 
normal size of microwave components. It means that the low frequency applications 
require high relative dielectric constant to keep the size small. Hence, the use of 
substrates with higher permittivity reduces the extent of the fringing fields and decreases 
the bandwidth, gain and the radiation efficiency.
The thick material with a low relative dielectric constant is the most suitable substrate to 
achieve larger bandwidth and higher efficiency. The thickness of substrate should be 
selected to be relatively large to maximize the bandwidth and efficiency. The thin 
substrate with high relative dielectric constant reduces the overall size of the circuit, 
resulting in an antenna with a narrow bandwidth and low efficiency.
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4 Single Layer Edge-Coupled Bandpass Filters
4.1 Introduction
Edge-coupled band-pass filters (ECBPFs) are one of the most useful planar microwave 
and millimetre-wave components and they were chosen as a test structure for this project 
because they are particularly sensitive to error in the fabrication process. In this research 
work, ECBPFs in single layer configuration were fabricated on typical alumina substrate 
and polymer substrate at various frequencies. For the ceramic circuits, a photoimageable 
thick film process was used. This chapter addresses some of the key issues of 
performance and repeatability through investigations on practical microwave thick film 
filters.
Owing to many uncertain factors during thick film process such as structural shrinkage 
after firing, variation of substrate properties in production, and imperfect mesh screen 
printing, some analysis on the sources of error of physical dimensions were performed to 
provide not only a prediction of circuit performance but also a reference for future design 
considerations. The RF performance was tested using a vector network analyser and the 
measured results were compared with simulation.
4.2 Design Procedure
In high speed digital wireless communication systems, wide bandwidth is required and 
roll-off should be good to avoid inter-channel interference (ICI). The ripple level in the 
passband should be as low as possible. Based on these system requirements, an edge- 
coupled bandpass filter design was chosen with a Chebyshev response having 0.0ldB 
equal-ripple in the passband. The design procedure used for the single layer ECBPF is 
shown in Figure 4.1.
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Final Design
Specifications
Prototype Selection
No. of Sections
Simulations and Data Plot
Physical Dimensions
Admittance Inverters 
J i , J2, ...
Modal Impedances
Zoe(n), Z0o(n)
Normalized Element Values 
g1,g2,...
Figure 4.1: Design procedure for single layer ECBPF.
4.3 Design of X-Band, Edge-Coupled Bandpass Filters
4.3.1 Filter Design
In general, the edge coupled microstrip bandpass filters, with bandwidths less than about 
20% can be easily fabricated. But very tightly coupled lines are needed if wider 
bandwidth filters are required. By reducing the substrate thickness, the track separation 
becomes smaller. However, this small track separation can be a problem during the circuit 
fabrication [24]. The trade-off between substrate thickness, minimum coupling gap, 
characteristic impedance and overall loss is a very important issue that needs to be 
considered in order to achieve the required filter performance.
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ECBPF in single layer configuration was designed with a centre frequency of 9.5GHz. 
Several samples of the filters were fabricated on 96% alumina substrate (sr = 9.5) with a 
thickness of 635pm and the fired thickness of conductor was around 10-12pm. Table 4.1 
summarises the design specifications of the filter circuit at 9.5GHz.
Specil ications
Centre Frequency 9.5 GHz
3dB Bandwidth A 10%
Roll-Off |S2il<-30dBat8, 10GHz
No. of sections 7
Ripple O.OldB
Table 4.1: Design specifications of the filter.
The number of filter sections was chosen to be 7, to give the required roll-off. The 
prototype element values with O.OldB equal-ripple for 7 sections [19] are:
8 i 82 8 3 8 4 8 5 8 6 8 7
0.7813 1.3600 1.6896 1.5350 1.4970 0.7098 1.1007
The admittance inverters are calculated using equation (2.18), [19]:
Ji h J3 J4 Js J6 h
0.0080 0.0029 0.0013 0.0013 0.0013 0.0029 0.0080
The even and odd mode impedances are found using equation (2.19), [19]:
Section, n 1 2 3 4 5 6 7
ZoeiQ) 78 58.3 53.4 53.4 53.4 58.3 78
Zooity 38 43.8 46.9 46.9 46.9 43.8 38
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Sec., n 1 2 3 4 5 6 7
Width
(W) 0.413 0.635 0.635 0.635 0.635 0.635 0.413
Space
(S) 0.175 0.568 0.873 0.873 0.873 0.568 0.175
Length
(L) 3.053 2.945 2.929 2.929 2.929 2.945 3.053
Unit:
mm
Table 4.2: Theoretical dimensions of the bandpass filter at 9.423GHz.
The physical dimensions for each coupled-lines section of the design were obtained with 
the aid of a simulation package ADS, and the results are shown in Table 4.2. The physical 
dimensions were inserted into AAS-Momentum for verification of the circuit performance. 
A thick-film process was used to fabricate the filter circuit. The standard screen-printing 
process included the three conventional steps of pattern printing, drying and firing as 
shown in Figure 4.2. Figure 4.3 shows a photograph of the circuit which shows that the 
standard screen printing process is able to generate reasonably well-defined patterns, but 
the minimal resolution that could be achieved was around 100pm.
Screen Printing Drying Firing
Figure 4.2: Fabrication process of thick film technology.
58
Chapter 4
Silver
Conductor
Alumina
Substrate
Figure 4.3: Photograph of the fired circuit samples.
Figure 4.4 and Figure 4.5 show the simulated and measured response of the design, 
respectively. The filter design had a centre frequency of 9.423GHz with 3dB 
bandwidth which was about 1.06GHz (11.3%) and roll-off of l*S2 il<-30dB at 8GHz 
and 10.4GHz. The measured circuit had a centre frequency of 9.527GHz with 3dB 
bandwidth which about 1GHz (10.5%) and roll-off of IS2il<-30dB at 8.62GHz and 
10.39GHz with maximum insertion loss of 1.84dB. It is seen from the results that the 
bandwidth slightly reduces. The reason was mainly due to the shrinkages of the 
conductor layer, resulting in the increase of spacing of each filter section. And this 
may be also the reason for the shift of the centre frequency of the design in 
comparison with the specification. The effect of the shrinkage of the dimensions was 
the main reason for the reduction of the measured bandwidth, and for the poor return 
loss. The return loss is very dependent on the conductor widths and spacing being 
correct so as to maintain the correct odd and even mode impedances which were 
defined in section 2.4.2. This will change the values of Z^andZoo, in the fabricated 
filter, and cause a mismatch, leading to a worse return loss. The losses due to the 
dielectric material and bulk conductor were considered in the filter response. The 
additional insertion loss was included due to the surface roughness of the fired circuits 
such that the surface roughness of silver (Ag) conductor on 96% alumina substrate 
was 0.7pm [65]. Surface roughness of 0.7pm of Ag conductor on 96% alumina at 
10GHz results in 11.1% of the total loss, as indicated earlier in Figure 2.5 [66]. The
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surface roughness of the material can influence the properties of the printed and fired 
microstrip circuits. The surface roughness will result in conductor loss of microstrip 
line circuit. The quality of the conductor surface is important because the surface 
roughness will affect on performance of the microwave circuit. The effect of surface 
roughness becomes pronounced at millimetre-wave frequencies. This effect becomes 
pronounced at millimetre-wave frequencies, and should be included in the design.
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Frequency, GHz 
Figure 4.4: Simulated and measured insertion loss of the design.
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Figure 4.5: Simulated and measured return loss of the design.
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The microstrip line structures are sensitive to their line geometry. Changes of dimensions 
will alter their characteristics and have an influence on component design using these 
lines. Since thick-film fabrication technology is being used, there will be some shrinkage 
when the printed conductors are fired. Shrinkage of final fired circuits results in the 
changes of dimensions and performance. An analysis on the dimensional tolerance was 
performed to identify the influence of the geometric changes in the firing process.
4.3.2 Analysis of Fabrication Error
Due to the variation in circuit geometries that can occur during a thick-film processing 
cycle, some analysis of the effects of these errors is essential. A number circuit samples 
were fabricated by completing the same stages of the fabrication process under nominally 
identical conditions using a semi-automatic screen printer. Figure 4.6 shows a comparison 
of the insertion loss with different physical dimensions, whilst Figure 4.7 is the variation 
of the impedance matching within the passband for the different cases.
-10
-20
-40
0%
+5%
-5%
-50
-60
8 8.5 9 9.5 10 10.5 11
Frequency, GHz
Figure 4.6: Filter insertion loss comparison for different fabrication error (graph shows
±5% changes in physical dimensions).
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Figure 4.7: Simulated return loss results for different fabrication error.
A five percent decrease of the filter’s lengths and widths results in a narrower bandwidth 
of about 10.57% with worse roll-off, and a slight downward shift of the centre frequency 
of about 2.71%. A five percent of increase of dimensions results in a wider bandwidth of 
about 12.2% with better roll-off, and slightly upward shift of the centre frequency of 
around 2.46%. It is reasonable since decrease of line width results in larger spacing of 
each filter section and therefore narrower bandwidth. This analysis gives a useful insight 
into the effect on the filter’s electrical performance, due to shrinkage occurring during the 
firing process.
ECBPF in single layer configuration was designed with a centre frequency of 9.5GHz. 
The filter design had a centre frequency of 9.423GHz with 3dB bandwidth which was 
about 1.06GHz (11.3%) and roll-off of l^il<-30dB at 8GHz and 10.4GHz. Four samples 
of the filters were fabricated on 96% alumina substrate (sr = 9.5) with a thickness of 
635pm and the fired thickness of conductor was around 10pm. Figures 4.8 - 4.11 show 
the simulated and measured responses of the filter design for each sample.
62
Chapter 4
0
10
■20
■30
■40
Simulated |S |
Simulated |S2 ||2 
Measured |S (|2 o f  Sample #1 
Measured |S |2 o f  Sample # 1
50
■60
8 8.5 9 9.5 10 10.5
Frequency, GHz
Figure 4.8: Simulated and measured responses of the sample #1.
Simulated |S |
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Figure 4.9: Simulated and measured responses of the sample #2.
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Figure 4.10: Simulated and measured responses of the sample #3.
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Figure 4.11: Simulated and measured responses of the sample #4.
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Figure 4.8 shows the measured response of the sample #1. The measured circuit had a 
centre frequency of 9.53GHz with 3dB bandwidth which about 1.01GHz (10.6%) and 
roll-off of l5,2il<-3 0 dB at 8.62GHz and 10.39GHz with maximum insertion loss of 1.68dB. 
Figure 4.9 shows the measured response of the sample #2. The measured circuit had a 
centre frequency of 9.55GHz with 3dB bandwidth which about 1GHz (10.47%) and roll­
off of LS2il<-30dB at 8.62GHz and 10.41GHz with maximum insertion loss of 1.64dB. 
Figure 4.10 shows the measured response of the sample #3. The measured circuit had a 
centre frequency of 9.54GHz with 3dB bandwidth which about 1.03GHz (10.8%) and 
roll-off of l5,2il<-3 0 dB at 8.61GHz and 10.42GHz with maximum insertion loss of 1.49dB. 
Figure 4.11 shows the measured response of the sample #4. The measured circuit had a 
centre frequency of 9.527GHz with 3dB bandwidth which about 1GHz (10.5%) and roll­
off of l<S,2il<-30dB at 8.62GHz and 10.39GHz with maximum insertion loss of 1.84dB.
It is seen from these results of the filter circuits that the bandwidth reduces slightly. This 
was attributed to shrinkage of the conductors during firing process, which resulted in an 
increase in the spacing of the conductors of each filter section. The slight shift in the 
centre frequency may have been due to shrinkage of the length of each filter section, but 
more likely to incorrect compensation for electromagnetic fringing at the end of each 
section. This will change the values of Zoe andZo0, in the fabricated filter, and cause a 
mismatch, leading to a worse return loss. The losses due to the dielectric material and 
bulk conductors had a significant effect on the circuit response and the additional 
insertion loss may be due to the surface roughness of the fired circuits. Furthermore, the 
reasons of the ripples in the response were due to the errors of calibration procedure, and 
of the multiple reflections between the circuit and instrumentation including the VNA and 
the cables. That was another reason of the ripples which had significant effects at higher 
frequencies.
Table 4.3 shows a comparison between the measured results for the four samples with the 
results from simulation. The average of the measured insertion loss (IL) level within the 
passband was 1.66dB. The average centre frequency (fo) of these samples was measured 
to be about 9.53GHz with 3dB bandwidth (BW) of 1GHz (10.59%). The slight decrease of 
bandwidth may be due to the shrinkage of the conductor which was found to be about 1%, 
and is acceptably small. Sample #3 can be regarded as the best one with the minimal
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and is acceptably small. Sample #3 can be regarded as the best one with the minimal 
insertion loss, widest bandwidth, and moderate shrinkage compared with the simulation 
results.
Sample fo(GHz)
BW
(%)
IL (dB ) Afo (%)
Simulation 9.423 11.300 0.770 —
#1 (measured) 9.530 10.600 1.680 1.140
#2 (measured) 9.550 10.470 1.640 1.350
#3 (measured) 9.540 . 10.800 1.490 1.240
#4 (measured) 9.527 10.500 1.840 1.100
Table 4.3: Simulated and measured results, showing the repeatability of the thick-fllm
process.
The variations of the dimensions of the filter elements are crucial to the performance of 
the component. In order to understand the effect of the fabrication process, it is essential 
to obtain accurate information about the variations in the widths and spacing o f the 
conductors. These aspects will assume greater importance as the frequency of the design 
is extended into the millimetre-wave band. In the present study, microscopic examination 
of the fabricated circuits was used to obtain accurate dimensional data after firing. The 
following tables show the physical dimensions (width (W), Space (S) and length (L)) of 
the four filter samples after fabrication in order to investigate the variations between the 
measured and designed dimensions:
Sample (1):
Section, n 1 2 3 4 5 6 7
Width (W) 0.384 0.424 0.562 0.566 0.562 0.466 0.37
Space (S) 0.202 0.65 0.948 0.982 0.946 0.65 0.16
Length (L) 2.993 2.831 2.842 2.861 2.864 2.839 2.981
(Unit: mm)
Sample (2):
Section, /? 1 2 3 4 5 6 7
Width {W) 0.35 0.446 0.568 0.568 0.554 0.464 0.378
Space (S) 0.188 0.67 0.96 0.974 0.932 0.644 0.158
Length (L) 2.984 2.838 2.84 2.859 2.871 2.837 2.979
(Unit: mm)
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Sample (3):
Section, n 1 2 3 4 5 6 7
Width (W) 0.352 0.436 0.576 0.57 0.56 0.452 0.372
Space (S) 0.182 0.656 0.952 0.99 0.938 0.648 0.158
Length (L) 2.988 2.84 2.844 2.86 2.869 2.835 2.983
(Unit: mm)
Sample (4):
Section, n 1 2 3 4 5 6 7
Width {W) 0.352 0.462 0.546 0.568 0.578 0.466 0.362
Space (S) 0.212 0.652 0.956 0.972 0.92 0.644 0.166
Length (L) 2.994 2.842 2.849 2.866 2.871 2.84 2.985
(Unit: mm)
The variations between the measured and designed dimensions namely, Werr, Serr and Lerr, 
were defined as the following equations:
w =\w -W  Ierr designed measured |
s =ls* — s Ierr designed measured |
f'err designed ^measured |
where,
d^esigned- design width of conductor line
m^easured’ measured width of conductor line after fabrication
d^esigned* design spacing between two conductor lines
m^easured- measured spacing between two conductor lines after fabrication
-^ designed* design length of conductor line
m^easured’ measured length of conductor line after fabrication
Based on the above definitions of Werr, Serr and Lerr, an error factor for each parameter
were defined relatively to the guide wavelength {Xg = 12.18mm) at the design’s centre
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of the microstrip line structures. This is also evident from the measured passband return 
loss shown in Figure 4.5. Figure 4.13 shows the measured spacing error of each filter 
section versus section number, for the four samples. It is seen that the sample #3 has the 
minimum Serr at the first section, which dominates the design’s operating bandwidth. 
Figure 4.14 shows the measured lengths error ratio versus section number of the samples. 
It is found that sample #4 has the smallest length error while sample #2 has the biggest 
length error. These results matched with the results which were found from Table 4.3 
such that the sample #3 has the minimal Serr and a measured bandwidth that is closest to 
the desired value. This is reasonable since the decrease in the spacing of each section 
results in an increase in bandwidth. In summary, from the measured results, the width 
error has influence on the impedance matching while any spacing error results in the 
variations of the design’s operating bandwidth. The slight shift in the centre frequency 
may have been due to shrinkage effects, but is more likely due to incorrect compensation 
for electromagnetic fringing at the end of each section. Although the losses due to the 
dielectric material and bulk conductors had been included in the simulation, the additional 
insertion loss may be due to the surface roughness of the fired circuits such that the 
surface roughness of the 96% alumina substrate (A = 0.7pm) [65]. This measurement- 
based analysis forms not only predictable data but also applicable information for circuit 
designers, where the compensation of dimensions to account for fabrication error is 
required at the design stage.
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Figure 4.8: Measured width error versus section number.
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Figure 4.9: Measured spacing error versus section number.
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Figure 4.10: Measured length error versus section number of the samples.
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The work has shown that shrinkage effects during the fabrication of thick-film planar 
circuits can have a significant effect on the electrical performance. However, data for a 
series of components fabricated under near-identical processing conditions has shown the 
shrinkage effects are relatively predictable, and can be taken account o f in the initial 
circuit design. The measurement-based analysis is applicable and provides useful 
information for circuit designers, where the shrinkage and surface roughness have 
significant effects on the performance of the microwave planar circuit. The considerations 
of these effects are required at the design stage. Thus the results demonstrate the 
shrinkage and surface roughness that occur in the processing of thick-film components do 
not detract from the low-cost, high-volume production advantages offered by thick-film 
technology.
4.4 ECBPF on 96% Alumina Substrate: Design Examples (I)
4.4.1 Overview
Three design examples of an edge coupled bandpass filter in single layer configuration 
are presented for a range of frequencies; 5GHz, 10GHz and 15GHz; and using the 
material parameters as indicated in Table 4.4. Table 4.5 and Figure 4.15 show the design 
specifications for the filters and their layouts, respectively.
Substrate 96% Alumina
£r 9.5
h 635pm
tanS 0.0004
t (conductor) 17pm
Table 4.4: Material parameters for the filters at 5GHz, 10GHz and 15GHz.
Specifications
Centre
Frequency 5 GHz 10 GHz 15 GHz
3dB 
Bandwidth A 20% 20% 20%
Roll-Off |S2i|<-30dBat3GHz
|S2i|<-30dB at 
5GHz
|S2i|<-30dB at 
10GHz
No. of sections 4 4 4
Ripple 0.01dB 0.01dB 0.01dB
Table 4.5: Design Specifications for filters at 5GHz, 10GHz and 15GHz.
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Li
Figure 4.15: Layout of the single-layer ECBPF design.
The number of filter sections was chosen to be 4, to give the required roll-off. The 
prototype element values with 0.0ldB equal-ripple for 4 sections [19] are:
gl g2 g4
0.629 0.970 0.629 1.000
The admittance inverters are calculated using equation (2.18), [19]:
Jl Ji Js J4
0.014 0.008 0.008 0.014
The even and odd mode impedances are found using equation (2.19), [19]:
Section, n 1 2 3 4
Zoe(Q) 110.1 78.0 78.0 110.1
Zq0(Q) 39.6 38.0 38.0 39.6
The even and odd mode impedances are then used to obtain the physical dimensions of 
each coupled line of the filter with the aid of a simulation package (ADS), as shown in the 
following section.
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4.4.2 Single Layer ECBPF Design at 5GHz
The ECBPF had a centre frequency at 5GHz with required fractional bandwidth of 20% 
and roll-off of |S2i|<-30dB at 3GHz. The physical dimensions for each coupled-lines 
section of the design had been obtained with the aid of simulation packages as shown in 
Table 4.6.
Section, n 1 2 3 4
Width (W) 
(mm) 0.201 0.415 0.415 0.201
Space (S) 
(mm) 0.105 0.184 0.184 0.105
Length (L) 
(mm) 6.067 5.85 5.85 6.067
Table 4.6: Physical dimensions of the filter on 96% alumina at 5GHz.
The physical dimensions were inserted into the simulator to complete the simulation 
process. Figure 4.16 demonstrates the simulated response of the filter design at 5GHz.
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Figure 4.16: Simulation results of filter design on 96% alumina at 5GHz.
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As can be seen from Figure 4.16, the filter design has a centre frequency at 5.02GHz and 
fractional bandwidth is about 1.599GHz which is 31.85% and roll-off of |^2i|<-30dB at 
3GHz. The maximum insertion loss within passband is about 0.457dB. The return loss is 
below lOdB which represents reasonable matching of the circuit at the operating 
frequency.
4.4.3 Single Layer ECBPF Design at 10GHz
The ECBPF had a centre frequency at 10GHz with required fractional bandwidth of 20% 
and roll-off of I/S21 |<-30dB at 5 and 15GHz. Table 4.7 shows the physical dimensions for 
each coupled-lines section of the filter design.
Section, n 1 2 3 4
Width (140 
(mm) 0.206 0.423 0.423 0.206
Space (S) 
(mm) 0.108 0.194 0.194 0.108
Length (L) 
(mm) 2.93 2.82 2.82 2.93
Table 4.7: Physical dimensions of the filter on 96% alumina at 10GHz.
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Figure 4.17: Simulation results of filter design on 96% alumina at 10GHz.
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In Figure 4.17, the filter design has a centre frequency of 10.06GHz with the 3dB 
bandwidth about 3.241 GHz (32.2%) and the roll-off of |*S2i|<-30dB at 5 and 15GHz. The 
maximum insertion loss during the passband is around 0.463dB. The return loss is below 
25dB which represents good matching of circuit at the operating frequency. The 
simulation result of the design meets the required specifications.
4.4.4 Single Layer ECBPF Design at 15GHz
The ECBPF had a centre frequency at 15GHz with required fractional bandwidth o f 20% 
and roll-off of |52i|<-30dB at 10 and 20GHz. Table 4.8 shows the physical dimensions for 
each coupled-lines section of the filter design.
Section, n 1 2 3 4
Width (W) 
(mm) 0.217 0.44 0.44 0.217
Space (S) 
(mm) 0.114 0.207 0.207 0.114
Length (L) 
(mm) 1.9 1.83 1.83 1.9
Table 4.8: Physical dimensions of the filter on 96% alumina at 15GHz.
As can be seen from Figure 4.18, the filter design has a centre frequency at 14.91 GHz and 
fractional bandwidth is about 4.66GHz (31.25%) and roll-off of |*S,2i|<-25dB at 10GHz. 
The maximum insertion loss within passband is about 0.477dB and the return loss is 
below 25dB. The required bandwidth is achieved and the performance of the final filter is 
acceptable.
74
Chapter 4
- 1 0
-20
,30C/^ CO
CO CD _TD "O -40
-60
75 15139 11
freq, GHz
Figure 4.18: Simulation results of filter design on 96% alumina at 15GHz.
4.4.5 Fabrication Process
The fabrication and characterisation of the edge-coupled filter design on 96% alumina 
substrate at 5 GHz, 10GHz and 15 GHz were carried out using the photoimageable thick 
film process. The negative layout of the circuit was made on emulsion glass mask with 
high resolution. Figure 4.19 shows the fabrication process of photoimageable thick film. 
The process steps were followed:
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• Screen Printing: Silver was used a conductor material and was printed over the 
whole area of the substrate to form the ground plane.
• Drying: The ground plane pattern was dried using the oven at 80°C for 20 minutes.
• Firing: The ground plane pattern was kept in the furnace at 850°C for 6 hours
(total).
• Printing: The photoimageable thick film paste was applied and printed over the 
total area of the substrate to conform the top layer of the circuit.
• Drying: The printed pattern was dried using the oven at 80°C for 20 minutes.
• Exposure: The printed and dried thick film layer was exposed to ultraviolet light 
through the negative photo mask for 25 seconds.
• Developing: The developing process was performed about 5 seconds to remove 
the unexposed regions by using mono-ethanol amine as a developer.
• Firing: The firing was performed in the furnace at 850°C for 6 hours (total).
Screen Printing 
\
Drying UV Exposure
F'r'n9 Developing
Figure 4.19: Fabrication Process of Photoimageable Thick Film Technology.
Figure 4.20 shows a photograph of the circuit at 10GHz which shows that the 
photoimageable thick film process is able to provide well defined pattern. The minimum 
resolution that can be achieved is down to about 20pm.
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Figure 4.20: Photograph of the fired circuit on 96% alumina at 10GHz.
4.4.6 Measurements
Measurements of the bandpass filter were taken using an HP 8510 vector network 
analyser with the aid of the jig. Figure 4.21 shows the simulated and measured responses 
of the design at 5GHz. The filter design had a centre frequency at 5.02GHz with 3dB 
bandwidth about 1.599GHz (31.85%) and roll-off of IS2il<-30dB at 3GHz. The maximum 
insertion loss within passband was about 0.457dB. The measured circuit had a centre 
frequency of 5.1GHz with 3dB bandwidth which about 1.96GHz (38.4%) and roll-off of 
LS2il<-28dB at 3GHz. The maximum insertion loss was 1.08dB. The return loss was 
almost below lOdB which can be accepted and meets the required specification.
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Figure 4.21: Simulated and measured responses of the single layer filter at 5GHz.
Figure 4.22 shows the simulated and measured responses of the design at 10GHz. The 
filter design had a centre frequency of 10.06GHz with the 3dB bandwidth about 
3.241 GHz (32.2%) and the roll-off of I-S21 l<-30dB at 5 and 15GHz. The maximum 
insertion loss during the passband was around 0.463dB. The measured circuit had a centre 
frequency of 9.915GHz with a 3dB bandwidth of 3.17GHz (31.97%) and a roll-off of 
l5,2il<-35dB at 5GHz with maximum insertion loss of 1.09dB. It is seen that the centre 
frequency shifts by 1.4% and the bandwidth slightly shifts by 0.23% less than the desired 
value.
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Figure 4.22: Simulated and measured responses of the single layer filter at 10GHz.
Figure 4.23 shows the simulated and measured responses of the design at 15GHz. The 
filter design had a centre frequency at 14.91 GHz and fractional bandwidth was about 
4.66GHz (31.25%) and roll-off of l5,2ik-25dB at 10GHz. The maximum insertion loss 
within passband was about 0.477dB. The measured circuit had a centre frequency of 
15GHz with 3dB bandwidth which about 4.6GHz (30.6%) and roll-off of IS2il<-24dB at 
10GHz with maximum insertion loss of 1.07dB. It is seen from the results that the centre 
frequency matches the same value of the design centre frequency and the bandwidth 
shrinks only by 0.65%. The return loss was below lOdB which represented good 
matching of the circuit around the operating frequency and achieved the required 
specification.
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Figure 4.23: Simulated and measured responses of the single layer filter at 15GHz.
It is seen from the results of the filter circuits at 5GHz, 10GHz and 15GHz that the 
bandwidth reduces and the centre frequency slightly shifts. The reason was mainly due to 
the shrinkage of the conductors during firing process, which resulted in the changes of 
dimensions and performance. The shrinkage of conductor length caused an increase of the 
spacing of the conductors of each filter section, and this was the main reason for the shift 
of centre frequency of the filter in comparison with the design specifications. This will 
change the values of Zoe and Zo0, in the fabricated filter, and cause a mismatch, leading to 
a worse return loss. The losses due to the dielectric material and bulk conductors had a 
significant effect on the circuit response and the additional insertion loss may be due to 
the surface roughness of the fired circuits. Furthermore, the reasons of the ripples in the 
response were due to the errors of calibration procedure, and of the multiple reflections 
between the circuit and instrumentation including the VNA and the cables. In addition, if 
the fired feedline was not precisely defined, it would be some gaps between the feedline 
and the probe. At lower frequency, there was a gap or discontinuity between the feedline 
and the probe. This gap may be small at lower frequency, but the same size of the gap 
could be relatively large at higher frequency. That was another reason of the ripples 
which had significant effects at higher frequencies.
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4.5 ECBPF on 96% Alumina Substrate: Design Examples (II)
4.5.1 Overview
In this section, three design examples of single layer band pass filters are presented at 
different frequencies; 25GHz, 30GHz and 35GHz with different specifications from the 
filter designs in the previous section, and using different substrate thickness. Table 4.9 
and Table 4.10 show the material parameters and the design specifications for the filter 
designs at 25GHz, 30GHz and 35GHz, respectively.
Substrate 96% Alumina
£r 9.5
h 254pm
tanS 0.0004
t (conductor) 17pm
Table 4.9: Material parameters for the filters at 25GHz, 30GHz and 35GHz.
Specifications
Centre
Frequency 25 GHz 30 GHz 35 GHz
3dB Bandwidth
A 10% 10% 10%
Roll-Off |S2i|<-30dB at 20GHz
|S2i|<-30dB at 
25GHz
|S2i|<-25dBat
30GHz
No. of sections 4 4 4
Ripple 0.01dB 0.01dB 0.01dB
Table 4.10: Design Specifications for filters at 25GHz, 30GHz and 35GHz.
The number of filter sections was chosen to be 4, to give the required roll-off. The 
prototype element values with 0.0ldB equal-ripple for 4 sections [19] are:
8 i 82 8 3 8 4
0.629 0.970 0.629 1.000
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The admittance inverters are calculated using equation (2.18), [19]:
Jl Jl Js J4
0.01 0.004 0.004 0.01
The even and odd mode impedances are found using equation (2.19), [19]:
Section, n 1 2 3 4
Zoe(&) 87.5 62.0 62.0 87.5
Zoo(Q) 37.5 42.0 42.0 37.5
The even and odd mode impedances are then used to obtain the physical dimensions of 
each coupled line of the filter by using Line Calc of ADS, as shown in the following 
section. Line calc is an analysis and synthesis program for calculating electrical and 
physical parameters of single and coupled transmissions lines.
4.5.2 Single Layer ECBPF Design at 25GHz
The ECBPF had a centre frequency at 25GHz with required fractional bandwidth of 20% 
and roll-off of LS2il<-30dB at 20GHz. Table 4.11 shows the physical dimensions for each 
coupled-lines section of the design.
Section, n 1 2 3 4
Width {W) 
(mm) 0.127 0.210 0.210 0.127
Space (S) 
(mm) 0.066 0.203 0.203 0.066
Length (L) 
(mm) 1.130 1.078 1.078 1.130
Table 4.11: Physical dimensions of the single layer filter on alumina at 25GHz.
The width and spacing of each coupled line section depend on the values of the modal 
impedances. The electrical length of the lines of each section is quarter wavelength (0 =
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90°). The physical dimensions were inserted into the simulator to complete the simulation 
process, in order to get the simulated response of the filter design at 25GHz.
Figure 4.24 shows the simulated response of the filter design at 25GHz. In Figure 4.24, 
the filter design has a centre frequency of 25.135GHz with the 3dB bandwidth about 
3.99GHz (15.87%) and the roll-off of l^ i l<-27dB at 20GHz. The maximum insertion loss 
during the passband is around 0.03ldB and the return loss is below 15dB.
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Figure 4.24: Simulated response of single layer filter on 96% alumina at 25GHz.
4.5.3 Single Layer ECBPF Design at 30GHz
The filter is designed centred at 30GHz with required fractional bandwidth of 20% and 
roll-off of l5,2il<-30dB at 25 and 35GHz. Table 4.12 shows the physical dimensions for 
each section of the filter design.
Section, n 1 2 3 4
Width (W )  
(mm) 0.129 0.216 0.216 0.129
Space (S) 
(mm) 0.067 0.209 0.209 0.067
Length (L) 
(mm) 0.937 0.893 0.893 0.937
Table 4.12: Physical dimensions of the filter on 96% alumina at 30GHz.
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In Figure 4.25, the filter design has a centre frequency of 29.825GHz with the 3dB 
bandwidth about 4.77GHz (15.99%) and the roll-off of 15*21 l<-29dB at 25 and 35GHz. The 
maximum insertion loss during the passband is around 1.13dB and the return loss is 
below 18dB which represents good matching of the circuit around the operating 
frequency band.
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Figure 4.25: Simulation results of filter design on 96% alumina at 30GHz.
4.5.4 Single Layer ECBPF Design at 35GHz
The filter is designed centred at 35GHz with required fractional bandwidth of 10% and 
roll-off of 15*21 l<-30dB at 30GHz. Table 4.13 shows the physical dimensions for each 
coupled-lines section of the filter design.
Section, n 1 2 3 4
Width {W) 
(mm) 0.130 0.219 0.219 0.130
Space (S) 
(mm) 0.070 0.215 0.215 0.070
Length (L) 
(mm) 0.798 0.760 0.760 0.798
Table 4.13: Physical dimensions of the single layer filter on 96% alumina at 35GHz.
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Figure 4.26: Simulation results of the single layer filter on 96% alumina at 35GHz.
As can be seen from Figure 4.26, the filter has a centre frequency at 34.29GHz and 
fractional bandwidth is about 5.6GHz which is 16.33% and roll-off of l^il<-35dB at 
25GHz and 45GHz. The maximum insertion loss within passband is about 1.48dB. The 
return loss is below 20dB which represents good matching of circuit around the operating 
frequency band. The required bandwidth is achieved and the performance of the final 
filter is acceptable.
4.5.5 Measurements
The design procedure of single layer ECBPF had been applied, as described earlier in 
section 4.2. The material parameters, the design specifications, and the modal impedances 
for the filter design at 25GHz have been mentioned in section 4.5.1. The even and odd 
mode impedances are then used to obtain the physical dimensions of each coupled line of 
the filter by using Line Calc of ADS, as shown in Table 4.11. The physical dimensions 
were inserted into the simulator to complete the simulation process, in order to get the 
simulated response of the filter design at 25GHz as shown in Figure 4.24.
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Figure 4.27 is a photograph of the fabricated circuit of the single layer edge-coupled filter 
at 25GHz. Figure 4.28 shows a comparison between the simulated and measured 
responses of the filter. The filter design had a centre frequency of 25.135 GHz with the 
3dB bandwidth about 3.99GHz (15.87%) and the roll-off of l^il<-27dB at 20GHz. The 
maximum insertion loss in the passband was around 0.03ldB. The return loss was below 
15dB which represented good matching of the circuit around the operating frequency 
band. The measured circuit had a centre frequency of 26.5GHz with 3dB bandwidth 
which to be about 3.03GHz (11.3%) and roll off of l5,2il<-35dB at 20GHz with maximum 
insertion loss of 2.47dB. The return loss was below lOdB which represented reasonably 
good matching of the circuit around the operating frequency band and met the required 
specification.
Figure 4.27: Photograph of the fired circuit on 96% alumina at 25GHz.
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Figure 4.28: Simulated and measured responses of the filter design on 96% alumina at
25 GHz.
Referring to Figure 4.28, and in order to provide some traceability of the error due to the 
fabrication process for the filter circuit at 25GHz, mask and circuit dimensions were 
measured at various stages in the process Table 4.14 shows the physical dimensions of the 
design, the dimensions on the mask and the dimensions of the filter after the fabrication. 
It is clear from Table 4.14 that the physical dimensions of the design almost match with 
the dimensions on the mask while there is difference between the designed values and the 
fabricated circuit dimensions.
Section, n 1 2 3 4
W - Design 0.127 0.210 0.210 0.127
W-  Mask 0.130 0.212 0.212 0.130
W-  Fabricated 0.100 0.090 0.090 0.100
S - Design 0.066 0.203 0.203 0.066
S - Mask 0.064 0.202 0.202 0.064
S - Fabricated 0.094 0.235 0.235 0.094
L - Design 1.130 1.078 1.078 1.130
L - Mask 1.128 1.076 1.076 1.128
L - Fabricated 1.132 1.030 1.030 1.132
Unit: mm
Table 4.14: Physical dimensions of the filter on 96% alumina at 25GHz
(Design, Mask and Fabricated Circuit)
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The width and the length of the first section of the filter remained the same after the 
fabrication process and the width and the length of filter’s second section decreased after 
the fabrication process while the spacing of each filter section became larger. The reason 
of the shrinkage of the bandwidth was mainly due to the shrinkages of the conductor layer, 
resulting in the increase of spacing of each filter section. And this is also the reason for 
the shift of the centre frequency in comparison with the specifications. Although the 
losses due to the dielectric material and bulk conductors had been included in the 
simulation, the additional insertion loss may be due to the surface roughness of the fired 
circuits. This effect becomes pronounced in millimetre-wave frequencies, and should be 
included in the design.
Due to many uncertain factors during fabrication process such as shrinkage of final 
circuits after firing in furnace, error allowance of substrate production, and imperfect 
mesh screen printing, some analysis about effects of fabrication error on the physical 
dimensions of the filter circuit are presented. The 25GHz design was taken as an example, 
the simulated responses shown in Figure 4.31 and Figure 4.32 illustrate how the insertion 
loss and impedance matching of the filter vary with +10% change in circuit dimensions. 
A 10% decrease of the length and width of the filter elements results in a narrowing of the 
bandwidth of about 15.12% with worse roll-off, and a slight downward shift of the centre 
frequency of about 4.41%. A 10% of increase of dimensions results in a wider bandwidth 
of about 18.28% with better roll-off, and slightly upward shift of the centre frequency of 
around 4%. This analysis gives a useful insight into the effect of shrinkage during the 
firing process on the filter’s electrical performance, and clearly shows the need for the 
effects of the fabrication process to be considered at the design stage.
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Figure 4.31: Simulation of filter insertion loss showing effects of various percentage errors
in the conductor widths and spacing.
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Figure 4.32: Simulated return loss results for different fabrication errors.
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Figure 4.29 shows a comparison between the simulated and measured responses of the 
filter at 30GHz. The filter design had a centre frequency of 29.825GHz with the 3dB 
bandwidth about 4.77GHz (15.99%) and the roll-off of l5,2il<-29dB at 25 and 35GHz. The 
maximum insertion loss during the passband was around 1.13dB. The measured circuit 
had a centre frequency of 32.5GHz with 3dB bandwidth which to be about 3.8GHz 
(11.7%) and roll-off of IS2il<-30dB at 27.3GHz with maximum insertion loss of 1.4dB. 
The return loss was below lOdB.
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Figure 4.29: Measured response of the filter design on 96% alumina at 30GHz.
Figure 4.30 shows a comparison between the simulated and measured responses of the 
filter at 35GHz. The filter had a centre frequency of 34.29GHz with the 3dB bandwidth 
about 35.6GHz (16.3%) and the roll-off of l^ i l<-35dB at 25GHz. The maximum insertion 
loss in the passband was around 1.48dB. The return loss was below 20dB. The measured 
circuit had a centre frequency of 34.95GHz with 3dB bandwidth which to be about 
4.3GHz (12.3%) and roll off of IS21 l<-25dB at 30GHz with maximum insertion loss of 
3.8dB and the return loss was below lOdB which represented good matching of the circuit 
around the operating frequency band. It was seen from the results that the centre 
frequency shifts by 1.9% and the bandwidth reduces by 4%.
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Figure 4.30: Simulated and measured responses of the filter design on 96% alumina at
35GHz.
It is seen from the results of the filter circuits at 25GHz, 30GHz and 35GHz that the 
bandwidth reduces slightly. This was attributed to shrinkage of the conductors during 
firing process, which resulted in an increase in the spacing of the conductors of each filter 
section. The slight shift in the centre frequency may have been due to shrinkage of the 
length of each filter section, but more likely to incorrect compensation for 
electromagnetic fringing at the end of each section. This will change the values of Zoe and 
Zoo, in the fabricated filter, and cause a mismatch, leading to a worse return loss. The 
losses due to the dielectric material and bulk conductors had a significant effect on the 
circuit response and the additional insertion loss may be due to the surface roughness of 
the fired circuits. Furthermore, the reasons of the ripples in the response were due to the 
errors of calibration procedure, and of the multiple reflections between the circuit and 
instrumentation including the VNA and the cables. That was another reason of the ripples 
which had significant effects at higher frequencies.
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4.6 Design of ECBPF on Polymer Substrate
4.6.1 Design Procedure
Polymer is one of the microwave materials to which printed circuit board (PCB) process 
can be applied to minimize manufacturing cost and complexity. Table 4.15 summarizes 
the design specification for a filter on polymer at 25GHz. The edge-coupled bandpass 
filter in single layer configuration was fabricated on polymer substrate (sr = 2.5) having a 
thickness of 0.128mm.
Specifications
Centre Frequency 25 GHz
3dB Bandwidth A 10%
Roll-Off IS21 l<-30dB at 20GHz
No. of sections 4
Ripple O.OldB
Table 4.15: Design specifications for filters on polymer substrate at 25GHz.
The number of filter sections was chosen to be 4, to give the required roll-off. The 
prototype element values with 0.0ldB equal-ripple for 4 sections [19] are:
81 82 8 3 8 4
0.6291 0.9702 0.6291 1
Table 4.16: Element values with O.OldB equal-ripple for 4 sections.
Then the admittance inverters were obtained by using equation (2.18), [19]. Table 4.17 
gives the values of admittance inverters.
Ji h Js J4
0.01 0.004 0.004 0.01
Table 4.17: Calculated values of admittance inverters.
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Then the even and odd mode impedances are found using equation (2.19), [19]. Table 
4.18 gives the calculated values of the even and odd mode impedances.
Section, n 1 2 3 4
ZoeiQ) 87.5 62.0 62.0 87.5
Zoo(0 ) 37.5 42.0 42.0 37.5
Table 4.18: Calculated values of mode impedances.
The width and spacing of each coupled line section depend on the values of the modal 
impedances. The electrical length of the lines of each section is quarter wavelength (0 = 
90°). The even and odd mode impedances are used to obtain the physical dimensions of 
each coupled line by using Line Calc of ADS. Table 4.19 shows the physical dimensions 
of each coupled lines section of the filter design at 25GHz.
Section, n 1 2 3 4
Width (W) 
(mm) 0.205 0.314 0.314 0.205
Space (S) 
(mm) 0.018 0.071 0.071 0.018
Length (L) 
(mm) 2.083 2.031 2.031 2.083
Table 4.19: Physical dimensions of the filter on polymer at 25GHz.
4.6.2 Simulation Results
The physical dimensions were inserted into the simulator to complete the simulation 
process and demonstrated the simulation results of the filter design at 25GHz. Figure 4.33 
shows the simulated response of the filter design at 25GHz. The filter design had a centre 
frequency of 25.065 GHz with the 3dB bandwidth about 3.97GHz (15.8%) and the roll-
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off of IS2il<-30dB at 20GHz. The maximum insertion loss during the passband was 
around 1.77dB and the return loss was below 18dB which represented good matching of 
circuit around the operating frequency band.
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Figure 4.33: Simulation results of filter design on polymer at 25GHz.
4.6.3 PCB Process
The polymer substrates used in this work were supplied from the manufacturer pre-coated 
with thin copper conductor. In this case the thickness of copper was 17pm, and chemical 
etching can be used to form the required patterns using a conventional, high-quality PCB 
process. The previous chapter showed how the materials properties can influence the 
performance of a microwave circuit. In addition, it was shown that the manufacturing 
process must be carried out carefully. The fabrication of the edge-coupled filter design on 
polymer material at 25GHz was carried out using the printed circuit board (PCB) process. 
A positive layout of the circuit was made on emulsion coated glass mask with high 
resolution. The following steps were used to fabricate the circuit:
• Clean the whole board thoroughly using a solvent.
• Choose an appropriate positive photoresist material.
• Apply enough resist to provide a uniform coating on the substrate.
• Spin the substrate at 5500 rpm for 60 seconds (Figure 4.34 (a)).
• Place the substrate on the hot plate to dry the photoresist for 1 minute 
(Figure 4.34 (b)).
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• Expose the circuit to UV with mask aligner for 8 seconds (Figure 4.34 (c)).
• By developing in a suitable chemical, UV-exposed part of the photoresist layer 
was removed.
• Etch unwanted copper by dipping the board in ferric chloride for 2-3 minutes.
• Rinse the board with water and leave it to dry in the air.
O *i M r
(a) (b) (c)
Figure 4.34: Printed Circuit Board (PCB) Process.
(a) Spin coating (b) Hot plate (c) Mask aligner
Figure 4.35 shows a photograph of the filter circuit at 25GHz. The etching process is able 
to provide a well defined pattern. The minimum resolution that can be achieved is down 
to around 20pm.
Figure 4.35: Photograph of the etched circuit on polymer at 25GHz.
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4.6.4 Measurements
Measurements of the bandpass filter were taken with the aid of the jig. The ^-parameters 
measurements were observed using a network analyser. Figure 4.36 shows the simulated 
and measured responses of the design at 25GHz. The filter design had a centre frequency 
of 25.065 GHz with the 3dB bandwidth about 3.97GHz (15.8%) and the roll-off of l& ik- 
30dB at 20GHz. The maximum insertion loss during the passband was around 1.77dB. 
The measured circuit had a centre frequency of 25.45 GHz with 3dB bandwidth which 
about 3.65GHz (14.34%) and roll off of l^il<-30dB at 21.8GHz with maximum insertion 
loss of 5.36dB. The return loss was almost below lOdB which can be accepted and 
achieved the required specifications. The centre frequency of the fabricated filter had 
shifted by 1.53% and the bandwidth reduced by 1.46%.
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Figure 4.36: Simulated and measured responses of the filter on polymer at 25GHz.
4.6.5 Influence of Fabrication Error
Due to the variation in circuit geometries that can occur during the fabrication process, 
some analysis of the effects of the fabrication error on the performance of the filter is 
essential. Figure 4.37 indicates how the insertion loss and impedance matching of the 
filter vary with -5% and -10% changes in circuit dimensions. A 5% decrease of the length
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and width of the filter elements results in a narrowing of the bandwidth of about 13.06% 
with worse roll-off, and a slight upward shift of the centre frequency of about 1.71%. On 
the other hand, a 10% decrease of dimensions results in a narrower bandwidth of about 
11.6% with worse roll-off, and slightly upward shift of the centre frequency of around 
3.51%. These results are reasonable since decrease of line width results in larger spacing 
of each filter section and therefore narrower bandwidth. This analysis gives a useful 
insight into the effect on the electrical performance of the filter, due to undercutting of the 
metallization occurring during the etching process.
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Figure 4.37: Filter insertion loss and return loss comparison for different fabrication error
on polymer at 25GHz.
To provide some traceability of the error due to the fabrication process, mask and circuit 
dimensions were measured at various stages in the process. Table 4.20 shows the physical 
dimensions of the design, the dimensions on the mask and the dimensions of the filter 
after the fabrication.
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Section, n 1 2 3 4
W -  Design 0.205 0.314 0.314 0.205
W  - Mask 0.205 0.214 0.214 0.205
W  - Fabricated 0.160 0.262 0.262 0.160
S - Design 0.018 0.071 0.071 0.018
S - Mask 0.017 0.070 0.070 0.017
S - Fabricated 0.054 0.121 0.121 0.054
L - Design 2.083 2.031 2.031 2.083
L - Mask 2.080 2.006 2.006 2.080
L - Fabricated 2.072 1.928 1.928 2.072
Unit:
mm
Table 4.20: The physical dimensions of the filter on polymer at 25GHz 
(Design, Mask and Fabricated Circuit)
It is clear from Table 4.20 that the physical dimensions of the design almost match with 
the dimensions on the mask while there is a difference between the designed values and 
the fabricated circuit dimensions. The width and the length of each filter section 
decreased after the etching process while the spacing of each filter section became larger. 
The reason of the shrinkage of the width of each filter section was mainly due to the 
effect of the undercutting of the metallization in the fabrication process as shown in 
Figure 4.38, and clearly this is going to be a significant issue in realizing filters with high, 
predictable performance.
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Figure 4.38: Effect of undercutting.
Figure 4.39 illustrates the effective dimensions of the filter sections after the etching 
process considering the effect of the undercutting of the metallization. These dimensions 
were found from the measurement as follows:
The effective width of the filter section : Weff =Wd - 2 1
The effective space between the sections : Seff = Sd +21
The effective length of the filter section : L~  -  Ld -  I t
where Wd, Sd, Ld, and t are the design dimensions and the thickness of the metal used in 
the circuit (copper), respectively. The measured thickness of the copper is 0.017mm. The 
design equations can be used to compensate for the phenomenon of undercutting by 
increasing the width W and length L, and decreasing space S of the conductors on the 
photo-mask as follows:
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W = Wd +2t  
S = Sd - 2 t  
L — Ld + 21
The effect of undercutting of the metallization was probably the main reason for the 
reduction of the measured bandwidth, and for the poor return loss. The latter quantity is 
very dependent on the conductor widths and spacing being correct so as to maintain the 
correct odd and even mode impedances. The losses due to the dielectric material and bulk 
conductors had been included in the simulation, although there may be additional 
insertion loss due to the surface roughness of the final circuits.
'><------  W -------- ►
Resist
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Figure 4.39: The effective dimensions after the etching process.
4.7 Comparison between Photoimageable Thick Film Technology and 
PCB
The various techniques of fabrication process mainly differ in feasibility, repeatability, 
flexibility and reliability. These techniques have been influenced also by the properties of 
the selected materials. The manufacturer has ranges of specification of materials because 
each material has limited range of thickness and relative dielectric constant for each 
fabrication process. Based on this situation, one may need to choose the appropriate 
material and apply the suitable fabrication process for a particular application. For 
microwave component design, thin substrates with high relative dielectric constant are
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normally required. Table 4.21 shows the comparison between the photoimageable thick 
film process and printed circuit board (PCB) process.
Photoimageable Thick Film Printed Circuit Board
Fired conductors (Silver or Gold or 
Copper) on ceramic (Alumina) Substrates coated by copper
Conductor pattern through chemical 
developing
Conductor pattern through chemical 
etching
Frequency : flexible, up to 220GHz Frequency : flexible, up to 110GHz
S iz e : Limited S iz e : Flexible
Panel Thickness : 0.254mm, 0.635mm and 
1.27mm
Thickness : Flexible (down to around 
0.127 mm)
Area: linxlin, 2in x 2in, 3in x 3in, etc. Area: flexible
Minimum gab (fabricated): 20pm Minimum gab (fabricated): 20pm
Fabrication Process
Process : Printing, Drying, Exposure, 
Developing, Firing
Process : Spin coating, Exposure, 
Developing, Etching
Firing at high pressure and temperature Fabricated at low pressure and temperature
High r.m.s. surface roughness Low r.m.s. surface roughness
Multilayer circuit: fired Multilayer circuit: laminated
Long process Quick process
Limitation: shrinkage of the conductor Limitation: undercutting of the metallization
Cost
Materials used : more expensive Materials used: cheaper
Table 4.21: Comparison between photoimageable thick film and PCB processes.
4.8 Discussion
The investigation in this chapter proved that ECBPFs in single layer configuration were 
implemented with operating bandwidths up to 15-20%. To achieve wider bandwidths, 
tighter coupling is required between the conductor lines, particularly for the end sections 
of the filter. Any error in the gap size for the end sections of the filter has a significant 
effect on the electrical performance of the filter. The problem associated with fabricating 
small coupling gaps in a single layer circuit can be overcome by using a multilayer 
structure, where the coupling is between overlapping conductors separated by dielectric 
layer, without the need for small gaps. The multilayer ECBPF is proposed and its detailed 
analysis is discussed in chapter 5.
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5 Multilayer Edge-Coupled Bandpass Filters
5.1 Introduction
It was seen in the last chapter that in single-layer edge-coupled bandpass filter (ECBPF) 
circuits, errors in the gap size for the end sections of the filter had a significant effect on 
the electrical performance of the filter. The fabrication process often imposes limitation 
on the widths and minimum separation of the conductor lines. These limitations can be 
overcome by using a multilayer configuration, where the coupling is between overlapped 
conductors separated by a dielectric layer. This produces strong coupling between the 
elements of the filter, without the need for small gaps [46]. However, to some extent the 
problem of fabricating small gaps has been exchanged for that of achieving high 
resolution between the conductor layers. Normally a modem mask aligner will be needed 
to achieve the required degree of resolution.
ECBPFs in single layer configuration were implemented with operating bandwidth up to 
15-20%. To achieve wider bandwidth, whilst maintaining good roll-off characteristics, 
tighter coupling is required between the conductor lines, particularly for the end sections 
of the filter. It is in this situation that the multilayer structure offers significant benefits. 
Not only will the multilayer structure provide the tight coupling, but it will also provide 
an inherently compact component.
A full-wave analysis was used to develop a design strategy for the multilayer filter. This 
was further extended to provide analytical data showing the material parameters and the 
effect of alignment error between the top and embedded conductor lines. The results offer 
a useful guideline for designers and manufacturers, and indicate the tolerances required in 
practical manufacturing situations.
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Photoimageable thick-film technology was chosen for current investigation because it 
enables both single layer and multilayer filters to be produced conveniently. Furthermore, 
recent work [24, 47] has shown that this technology is capable of realizing the circuit 
quality necessary for high performance microwave components.
The ECBPFs in multilayer configuration were fabricated using 96% alumina substrate 
(,£rl= 9.5, and hj= 635pm) with the conductors forming the coupled sections separated by 
a printable dielectric KQ150 (sr2 = 3.9, and h2 = 10pm), as shown schematically in Figure 
5.1. Simulated and measured responses for multilayer ECBPFs are presented to validate 
the proposed design methodology, and also to show the influences of the fabrication 
process.
emb
Ground
Plane
Figure 5.1: Structure of the multilayer edge coupled bandpass filter.
5.2 Multilayer Structure
Multilayer structures offer flexibility in the design of circuits and subsystems with the 
advantages of high packing density and improved circuit performance. Multilayer 
microstrip lines are the basic blocks for multilayer microwave structures which are used 
as resonant elements in filters. In multilayer microstrip structures, there are several
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metallization and dielectric layers above a common ground plane. Multilayer thick-film 
microstrip lines have been designed and characterised, and performance of these line 
structures is studied using full wave analysis, and this analysis provides an insight into the 
design consideration for this type of structures.
5.2.1 Configurations of Multilayer Microstrip Lines
The configurations of the multilayer microstrip lines studied are shown in Figure 5.2. 
Figure 5.2 (a) shows conductor line embedded between two dielectrics while Figure 5.2(b) 
shows a conductor line on top of two dielectric layers. The dielectric constant and 
thickness of the alumina substrate are sri and hi such that alumina substrate acts as the 
supporting base for the multilayer structure. The relative dielectric constant and thickness 
of the printed thick-film dielectric layer are sr2 and /z2. Table 5.1 summarizes the 
parameters of the materials for the multilayer structures.
Sr2 r tan52
j
£r1
[t
tandi
7IST
h2
hi
Zr2
£r1 tandi
(a) (b)
Figure 5.2: Multilayer microstrip line structures with the line (a) embedded in the two 
dielectric layers (b) on top of the two dielectric layers.
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Dielectric 1 96% Alumina
*n 9 .5
hi 635|jm
tan51 0 .0 0 0 4
Dielectric 2 KQ 150
€r2 3 .9
h2 10|jnri
tand2 0 .0 0 0 4
t 10[jm
Table 5.1: Material parameters for the multilayer structures.
5.2.2 Characterisation of Multilayer Microstrip Line
Microstrip line structure on top of two dielectric layers as shown in Figure 5.3 was 
studied using Agilent’s Momentum. Figure 5.4 and Figure 5.5 show the characteristic 
impedance (Z0) and effective dielectric constant (sejf) versus line width for printed thick- 
film dielectric layers, having thickness (hi) of Opm, 10pm, 30pm and 60pm, respectively. 
It can be seen from Figure 5.4 and Figure 5.5, the characteristic impedance increases with 
the increasing of thick-film dielectric thickness (hi), where as sejf decreases with an 
increase of /*2, for a given line width. It can be seen that although the thick film dielectric 
layer is very thin, it significantly affects the characteristic impedance of the line when the 
conductor is on top of the two dielectric layers. For example, when using the standard 
alumina substrate (7*2=0), the characteristic impedance for the 50pm line is 118Q. On the 
other hand, when h2=60pm, the characteristic impedance for the line with the same width 
is 1500. It means that there is an increase of 27% in the characteristic impedance [51]. 
This shows that the microstrip line impedance can be increased by using a thin layer of 
thick-film dielectric. This is significant issue as it permits the realisation of high 
characteristic impedance lines on high dielectric constant substrates with small line width. 
The high impedance capability of a microstrip line structure is essential for the 
implementation of miniaturised and compact structures for microwave and millimetre- 
wave applications.
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Figure 5.3: Multilayer microstrip line configuration.
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Figure 5.4: Calculated Z0 versus line width for various values of h2 at 10GHz.
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Figure 5.5: Calculated ^ v e r s u s  line width for various values of /*2 at 10GHz.
Figure 5.6 shows the dispersion of a 50f2 single microstrip line and a multilayer line 
structures such that a 50f2 single microstrip line is on top of alumina substrate (£ri= 9.5, 
and h]= 635pm) while a 50fl multilayer line is on top of two dielectric layers with 
material parameters as indicated in Table 5.1.
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Figure 5.6: Dispersion of a 50£1 single microstrip line and a multilyer line structures.
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It can be seen that dispersion effects are negligible below 15GHz, but become significant, 
for both line structures, when the frequency increases beyond 15GHz. For example, over 
the frequency changes from 15GHz to 30GHz, there is a 13% increase in Z0 for the 
multilayer line, and this must be included in any design at these frequencies.
5.2.3 Uncertainty Analysis
The effects of uncertainties in the alumina substrate thickness (hi) and dielectric constant 
values (sri) on the characteristic impedance and the effective dielectric constant are given 
in Table 5.2. Also, the table shows the effects of uncertainties in the printed dielectric 
layer’s thickness (hi) and relative dielectric constant values (sri) on the characteristic 
impedance and the effective dielectric constant.
AZ0 (Q) ff
or-H1II*2CO<1 4.56% -8.97%
A S ri = +10% -3.90% 9%
$o1II-si< -5.29% 0.39%
> II + ►—*
 
o SR 4.95% 0%
sRot -H1IIto<1 0.44% -0.86%
A sr2 = +10% -0.37% 0.72%
Ah2 = -10% -0.31% 0.48%
A h2 = +10% 0.33% -0.55%
Table 5.2: Sensitivity analysis of a 50£2 multilayer microstrip line at 10GHz.
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5.2.4 Comparison between Microstrip Line Structures
The performance of the conventional single layer microstrip structure is different than the 
behaviour of multilayer microstrip structure which basically caused by inserting an extra 
dielectric layer. By comparing the line characteristic of these structures, the significant 
effects on line performance of every structure can be clarified.
Figure 5.7 shows the cross-sectional view of three possible structures. Figure 5.7 (a) 
shows a microstrip line. Figure 5.7 (b) shows a conductor line embedded between the two 
dielectric layers while Figure 5.7 (c) shows a conductor line on top of the two dielectric 
layers. Figure 5.8 shows the line characteristic for different structures shown in Figure 5.7. 
It can be seen that the structure (b) has much less effect on the effect on the performance 
of the transmission line. Also, we can see that although the thick film dielectric layer is 
very thin, it significantly affects the characteristic impedance of the conductor on top of 
the two dielectric layers (Figure (c)), and also has a very significant effect on sejf.
£r2, h2 £r2, h2
jplgjg ' §£®fgi | g 
£ rl, h i £ rl, h i £ rl, h i
(a) (b) (c)
Figure 5.7: Cross sections of different structures, (a) Microstrip Line (b) Conductor line 
embedded (c) Conductor line on top of two dielectric layers.
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Figure 5.8: Comparison of the line characteristic for the different structures.
(a) Line width versus the characteristic impedance
(b) Line width versus the effective dielectric constant
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5.2.5 Multilayer Line Loss
Microstrip line is one of the microwave integrated circuit interconnections where the 
losses (dielectric loss and conductor loss) have an influence on the electrical performance. 
For comparison, a 50Q microstrip line and a 50Q multilayer microstrip line on the top of 
two dielectric layers were designed in order to calculate the line loss in each case. The 
design data are shown in Table 5.3 for each line. For this research work, the line loss is 
defined as the difference of insertion loss between two different microstrip line lengths, 
and can be expressed as follows:
Line Loss (dB/mm) = (Changing in insertion loss between two line lengths) /
(Change in line length)
The line loss can be obtained by using the simulated insertion loss for each line. The line 
loss of these two structures was calculated, using the following equation:
LineLoss{dB /  mm) -   ^ 21 ^
AL
where ALS27I2 is the difference of insertion loss between two different microstrip line 
lengths; L\ and La. AL is the difference between these two line lengths. It should be noted 
that the above equation is valid when the lines are matched to the system impedance. 
Figure 5.9 shows the comparison of line loss between single and multilayer microstrip 
lines. The performance of the microstrip line varies with frequency. It will not have 
significant effect at lower frequencies but when the frequency increases, the losses will 
also increase. It can be seen that the loss of the multilayer line on top of two dielectric 
layers is slightly less than the single microstrip line.
Structure Width of 50Q line (pm)
Single Microstrip line 655
Multilayer microstrip line 725
Table 5.3 : Design data for a 500  line.
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Figure 5.9: Calculated Line Loss.
5.2.6 Microstrip Coupled-Line Structure
Figure 5.10 shows the configuration of a single layer microstrip line structure such that 
the symmetric coupled lines are positioned on same dielectric layer. For these coupled 
lines, independent even and odd mode excitations correspond to the cases where the 
voltages and the currents on the two lines are equal in magnitude, and are in phase and 
out of phase in even and odd modes, respectively. When the coupled lines are positioned 
on different dielectric layers as shown in Figure 5.11 and the characteristic impedances of 
the two lines are not identical, they become physically asymmetric because of the need to 
maintain identical line impedances, with the same propagation characteristic. In this case, 
even and odd modes can not propagate independently, and can be defined only for special 
cases where the line parameters follow certain restrictive relationships [48].
Ground Plane
Figure 5.10: Single layer microstrip coupled-line structure.
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Figure 5.11: Multilayer microstrip coupled-line structure.
Figure 5.12 shows the simulated values of the characteristic impedances (Zo) with 
different line widths at 10GHz for the single layer structure compared with the embedded 
and top layers into multilayer structure. It can be seen from Figure 5.12 that an increase of 
line width would result in lower characteristic impedance and the top line width has the 
most significant effect.
1 1 0 r
1 0 0 o  
90 •
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Figure 5.12: Calculated values of line impedances with different widths at 10GHz.
113
Chapter 5
Figure 5.13 shows the simulated effective dielectric constant with different widths at 
10GHz under same definition of the substrates as indicated in Table 5.1. The effective 
dielectric constant of the embedded line is found to be greater than those on single layer 
structure. The width of the top line has the most significant effect on effective dielectric 
constant. The top line in comparison with it on single layer structure is positioned on a 
thin dielectric layer whose permittivity is smaller than alumina substrate. Therefore, the 
effective dielectric constant of the top line is slightly smaller than the single layer case.
1to
e -  Top 
■ $ - Single
100 200 300 400 500 600 700 900 1000
W{  um)
Figure 5.13: Calculated values of effective dielectric constant with different widths
at 10GHz.
It can be clearly seen from Figure 5.14 that the overlapping is sensitive to the response of 
the design since it decides the mutual coupling of each filter section. One should be 
cautious about the registration error occurred during the development of circuits.
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Figure 5.14: Calculated coupling factor with different values of spacing at 10GHz.
5.3 Design Procedure
As mentioned in last chapter, the design procedure for parallel symmetrical coupled-line 
bandpass filters in single-layer configuration is well documented in the literature [18, 49] 
and many researchers have contributed their work on the analysis of the structure. It has 
been seen that multilayer structure is more flexible and able to achieve tight coupling and 
wide bandwidth. However, there is no closed-form equations available to obtain physical 
dimensions of the multilayer coupled lines since the lines are positioned on or embedded 
in multiple dielectric layers as shown in Figure 5.15. The definition of the effective 
permittivity between each dielectric layer has been modified. Hence, the most efficient 
way to investigate its characteristics is by full wave analysis. The design is usually carried 
out using simulator and applying iterative optimisation of the 5-parameters for good 
match between the ports. A design strategy for multilayer ECBPF can be clarified with 
the analysis of microstrip line structure.
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Figure 5.15: Configuration of the multilayer microstrip coupled-line filter.
Figure 5.16 shows geometry of a microstrip coupled lines structure. The coupled lines 
could be characterised by two modes (even-mode and odd-mode) using normal mode 
parameters. When the characteristic impedances of the two lines become identical in 
homogeneous medium, the characteristic impedances of the two lines can be expressed in 
equation (5.1).
Zo — ^ Z etZot — J Z e (5.1)
where Zet and Zot are the modal impedances for the top conductor and Zee and Zoe are the 
modal impedances for the embedded conductor.
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Figure 5.16: Schematic of microstrip coupled lines.
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The coupling coefficient can be defined according to the modal impedances of the two 
conductor lines as follows [46]:
kc(dB)~  20 log
^ Z  - Z  ^et,e ot,t
7  + 7\  et,e ot,e y
(5.2)
The design procedure is demonstrated in Figure 5.17. The design procedure is generated 
with the selection of the key filter specification, namely operating frequency, 3dB 
bandwidth (BW), and roll-off level. The main electrical parameters used for the design of 
coupled-line structures are modal impedances, effective dielectric constant, and mutual 
coupling coefficient.
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Figure 5.17: Design procedure for a multilayer edge coupled bandpass filter.
The number of sections, normalized element values of each section and admittance 
inverters Jn have been defined in section 2.4.2. Zoe(n) and Zo0(n) are the even and odd modal 
impedances of each line of the nth section and can obtained using equation (2.19). The 
characteristic impedances of each two lines for each section (n) can be obtained using 
equation (5.1).The characteristic impedances are utilized to come up with the physical 
dimensions of the filter. It should be noted that the widths of each two lines should be 
chosen first since they decide the impedance matching and propagation characteristics. 
The electrical length of the coupled lines is theoretically a quarter guide-wavelength (Xg/4, 
n/2) long. An additional length (AL) of the line is needed to be subtracted from the 
nominal XJ2 length because of the open-end effects of this structure. The physical lengths
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(L) of the lines used in the filter design are thus obtained by calculating the effective 
dielectric constant (seff(j)) at the centre frequency through the following equation [49]:
/  \  c
f  \
e
U * J
where c is the speed of light.
The coupling factor (kc) may be obtained according to the modal impedances 
appropriately chosen for the two lines using the equation (5.2). Then, the physical 
dimensions are inserted into an EM simulator to verify the design.
5.4 Design Examples (I)
5.4.1 Overview
Three design examples are presented to form comparison of multilayer edge coupled 
bandpass filters at different operating frequencies; 5GHz, 10GHz and 15GHz; and using 
the material parameters as indicated in Table 5.1. Table 5.4 summarizes the design 
specifications for filters operating at 5GHz, 10GHz and 15GHz.
Specifications
Centre
Frequency 5 GHz 10 GHz
15 GHz
3dB Bandwidth 
A 20% 20% 20%
Roll-Off IS2il<-30dB at 3GHz
IS2ik-30dB at 
5GHz
IS2il<-25dB at 
10GHz
No. of sections 4 4 4
Ripple O.OldB O.OldB O.OldB
Table 5.4: Design Specifications for filters at 5GHz, 10GHz and 15GHz.
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The element values with O.OldB equal-ripple for 4 sections are [19]:
8 i 82 8 3 8 4
0 .6 2 9 0 .9 7 0 0 .6 2 9 1 .0 0 0
The admittance inverters are calculated using equation (2.18), [19]:
Jl Ji Js J4
0 .0 1 4 0 .0 0 8 0 .0 0 8 0 .0 1 4
The even and odd mode impedances are found using equation (2.19), [19]:
Section, n 1 2 3 4
Zoe(Q) 110.1 78.0 78.0 110.1
Zoo(Q) 39.6 38.0 38.0 39.6
The characteristic impedances of the two lines of each section can be obtained using 
equation (5.1), which are used to obtain the physical dimensions of the filter with the aid 
of simulation packages as shown in the following section.
5.4.2 Multilayer ECBPF Design at 5GHz
The filter design had a centre frequency at 5GHz with required fractional bandwidth of 
20% and roll-off of l*S,2il<-30dB at 3GHz. Table 5.5 shows the physical dimensions for 
each coupled-lines section of the filter design.
Section, n 1 2 3 4
w top 0.387 0.595 0.595 0.387
Lt0P 5.98 5.822 5.822 5.98
Wemb 0.34 0.54 0.54 0.34
Lemb 5.70 5.632 5.632 5.70
s 0.043 0.115 0.115 0.043
U nit: m m
Table 5.5: Physical dimensions of the filter at 5GHz.
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Figure 5.18: Simulated response of a multilayer ECBPF design at 5GHz.
As can be seen from Figure 5.18, the filter has a centre frequency at 5.15GHz and 
fractional bandwidth is about 1.815GHz which is 35.24% and roll-off of LS2il<-30dB at 
3GHz. The maximum insertion loss within the passband is about 0.295dB. The return loss 
is below lOdB which represents good matching of the circuit around the operating 
frequency band. The required bandwidth is achieved and the performance of the final 
filter is acceptable using the design procedure discussed in previous section.
5.4.3 Multilayer ECBPF Design at 10GHz
The filter design had a centre frequency at 10GHz with required fractional bandwidth of 
20% and roll-off of 1^21 l<-30dB at 5 and 15GHz. Table 5.6 shows the physical dimensions 
for each coupled-lines section of the filter design.
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Section, n 1 2 3 4
w top 0.391 0.60 0.60 0.391
Lt0p 2.917 2.858 2.858 2.917
Wemb 0.345 0.55 0.55 0.345
Lemb 2.80 2.774 2.774 2.80
s 0.043 0.12 0.12 0.043
Unit:mm
Table 5.6: Physical dimensions of the filter at 10GHz.
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Figure 5.19: Simulated response of a multilayer ECBPF design at 10GHz.
In Figure 5.19, the filter design has a centre frequency at 10.085GHz with 3dB bandwidth 
about 3.53GHz (35%) and the roll-off of I-S21 l<-30dB at 5GHz. The maximum insertion 
loss during the passband is around 0.29dB. The return loss is below lOdB which 
represents good matching of the circuit around the operating frequency band.
122
Chapter 5
5.4.4 Multilayer ECBPF Design at 15GHz
The filter design had a centre frequency at 15GHz with required fractional bandwidth of 
20% and roll-off of l^il<-30dB at 10 and 20GHz. Table 5.7 shows the physical 
dimensions for each coupled-lines section of the filter design.
Section, n 1 2 3 4
w top 0.410 0.622 0.622 0.410
L t0p 1.853 1.809 1.809 1.853
W em b 0.360 0.570 0.570 0.360
L em b 1.790 1.757 1.757 1.790
s 0.046 0.130 0.130 0.046
Unit:mm
Table 5.7: Physical dimensions of the filter at 15GHz.
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Figure 5.20: Simulated response of a multilayer ECBPF design at 15GHz.
As can be seen from Figure 5.20, the filter has a centre frequency at 15.195GHz and 
fractional bandwidth is about 5.23GHz which is 34.4% and roll-off of l^i!<-30dB at
123
Chapter 5
10GHz. The maximum insertion loss within the passband is about 0.147dB. The return 
loss is below lOdB which represents good matching of the circuit around the operating 
frequency band. The required bandwidth is achieved and the performance of the final 
filter is acceptable.
5.4.5 Measurements
The multilayer ECBPFs were fabricated using photoimageable thick film process. Printed 
layers were deposited on 96% alumina substrates that had a thickness (hi) of 635pm and 
relative permittivity (sri) of 9.5. The conductors forming the coupled sections of the filter 
were separated by a printed dielectric (h2 = 10pm and er2 -  3.9). Figure 5.21 shows a 
photograph of the fabricated circuit at 10GHz. Measurements of the bandpass filter were 
taken using an HP 8510 vector network analyser with the aid of the jig. Figure 5.22 shows 
the simulated and measured responses of the design at 5GHz. The measured circuit had a 
centre frequency at 5.08GHz with 3dB bandwidth which was about 1.74GHz (34.2%) and 
roll-off of IS2il<-30dB at 3.55GHz with maximum insertion loss of 0.02dB. The return 
loss was almost below lOdB which can be accepted and meets the required specifications. 
It is seen from the results that the centre frequency shifts only by 0.013% and the 
bandwidth slightly shrinks by 1.04%.
* ■? V; •* |  IMS*
%— —
Top Conductor
Embedded Conductor
Figure 5.21: Photograph of the fabricated multilayer filter circuit at 10GHz.
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Figure 5.22: Simulated and measured responses of the multilayer filter at 5GHz.
Figure 5.23 shows the simulated and measured responses of the design at 10GHz. The 
measured circuit had a centre frequency at 10.05GHz with a 3dB bandwidth of 3.03GHz 
(30.2%) and a roll-off of l^il<-20dB at 8GHz with maximum insertion loss of O.OldB. 
Thus it is seen that the centre frequency shifts by 0.34% and the bandwidth shrinks by 
4.8%.
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Figure 5.23: Simulated and measured responses of the multilayer filter at 10GHz.
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Referring to Figures 5.22-5.23, it is seen from the results of the filter circuits at 5GHz and 
10GHz that the bandwidth reduces and the centre frequency slightly shifts. The reason 
was mainly due to the shrinkage of the conductors during firing process, which resulted in 
the changes of dimensions and performance. The shrinkage of conductor length caused an 
increase of the spacing of the conductors of each filter section, and this was the main 
reason for the shift of centre frequency of the filter in comparison with the design 
specifications. This will change the values of Zoe and Zo0, in the fabricated filter, and 
cause a mismatch, leading to a worse return loss. The losses due to the dielectric material 
and bulk conductors had a significant effect on the circuit response and the additional 
insertion loss may be due to the surface roughness of the fired circuits. Furthermore, the 
reasons of the ripples in the response were due to the errors of calibration procedure, and 
of the multiple reflections between the circuit and instrumentation including the VNA and 
the cables. In addition, if the fired feedline was not precisely defined, it would be some 
gaps between the feedline and the probe.
Figure 5.24 shows the simulated and measured responses of the design at 15GHz. The 
measured circuit had a centre frequency at 14.76GHz with 3dB bandwidth which was 
about 5.275GHz (35.74%) and roll-off of l5,2il<-22dB at 10GHz with maximum insertion 
loss of 0.897dB. It is seen from the results that the centre frequency shifts by 2.86% and 
the bandwidth slightly shrinks by 1.34%.
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Figure 5.24: Simulated and measured responses of the multilayer filter at 15GHz.
The measured results for the filter at 15GHz were in close agreement with the simulated 
results, as shown in Figure 5.24. The reason was mainly due to the shrinkages of the 
conductor layer, resulting in the increase of spacing of each filter section. And this may 
be also the reason for the shift of the centre frequency of the design in comparison with 
the specification. It is seen from the results that the centre frequency shifts by 2.86%. The 
phenomenon of undercutting of metallization takes place in the metal deposition. The 
length of each filter section decreased after firing by (2 At), which was defined earlier in 
Figure 4.39, where the thickness of the conductor line is t (0.01mm). Therefore, the 
change in length of each conductor line of the filter circuit at 15GHz is about 1.08% due 
to undercutting, and we would expect the centre frequency to change also by 1.08%. But, 
referring to Figure 5.24, it is seen from the measured centre frequency shifts by 2.86%, 
which indicates excessive undercutting has taken place.
It is seen from the results that the bandwidth slightly shrinks by 1.34%. The effect of the 
shrinkage of the dimensions was the main reason for the reduction of the measured 
bandwidth, and for the poor return loss. The return loss is very dependent on the 
conductor widths and spacing being correct so as to maintain the correct values of Zoe and 
Z0o, in the fabricated filter, and cause a mismatch, leading to a worse return loss. The
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losses due to the dielectric material and bulk conductor were considered in the filter 
response. The surface roughness of the 96% alumina substrate was 0.7pm [65]. The 
surface roughness of the material can influence the properties of the printed and fired 
microstrip circuits, because the surface roughness of the fired circuits will affect the 
insertion loss. Hence, this additional insertion loss was considered in the filter response 
due to the surface roughness of the fired circuits. When the surface roughness increases, 
the total loss of microstrip line circuit will be higher. In particular the surface roughness, 
if it is comparable with the skin depth, will significantly increase the surface losses in the 
circuit, since the majority of the current will be flowing in the rough surface. However, 
the surface roughness may have a beneficial effect, in that it will increase the adhesion 
between conductors and dielectrics. Often the circuit designer has to compromise between 
having low surface roughness (and low losses) and having good adhesion. The quality of 
the conductor surface is important because the surface roughness will affect on 
performance of the microwave circuit. The effect of surface roughness becomes 
pronounced at millimetre-wave frequencies. This effect becomes pronounced at 
millimetre-wave frequencies, and should be included in the design. The mismatch within 
the passband was probably due to errors in the fabrication process and in the layer-to- 
layer registration error. Therefore, it is necessary to investigate the effects of any sources 
of error on the filter performance.
5.4.6 Fabrication Error Analysis
Due to many uncertain factors during fabrication process such as imperfect mesh screen 
printing, structural shrinkage after firing and error allowance of substrate production, 
some analysis on the sources of error of physical dimensions are presented to form not 
only a prediction of circuit performance but also a reference for future design 
consideration. The design of an edge-coupled bandpass filter at 10GHz was discussed in 
section 5.4.3, and here an analysis of plus/minus ten percent change of physical 
dimensions of the filter circuit at 10GHz is presented, using simulation package to 
investigate the resultant changes in the frequency response. The thickness of the alumina 
substrate, thickness of dielectric paste, relative dielectric constant of alumina substrate, 
relative dielectric constant of dielectric paste, width, spacing and length of each line of
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filter design were varied individually to check their influence on the final circuit 
performance with each change of a given dimension.
-/+10% Change of Thickness of Alumina Substrate (635pm)
Figure 5.25 shows the effects of thickness changes in the alumina substrate. A ten percent 
decrease of thickness leads to a narrower bandwidth (-2.6%) with better roll-off of IS2 il=- 
40dB at 5GHz. A ten percent increase of thickness results in a wider bandwidth (+3.52%) 
with worse roll-off of IS2il=-35dB at 5GHz.The centre frequency of both cases is not 
changed.
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Figure 5.25: Comparison with the changes of thickness of alumina substrate.
-/+10% Change of Thickness of Dielectric Paste (10pm)
The thickness of dielectric paste used in the design is about 10pm. Figure 5.26 
demonstrates the comparison of simulated responses. The performance of both cases, 
including the roll-off and centre frequency, stay almost unchanged compared to the 
original design. A ten percent decrease of thickness leads to a wider bandwidth (+0.65%). 
A ten percent increase of thickness results in a wider bandwidth (+0.7%).
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Figure 5.26: Comparison with the changes of thickness of dielectric paste.
-/+10% Change of eri
Figure 5.27 shows the comparison of changes of £rj. A ten percent decrease of sri shifts 
the whole response to the left by about 0.465GHz and leads to a wider bandwidth 
(+1.33%) with steeper roll-off of ]<S2i|=-38dB at 5GHz. A ten percent increase of srj shifts 
the whole response to the right by 0.425GHz with roll-off of |/S2i|=-36dB at 5GHz and the 
bandwidth is not changed.
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Figure 5.27: Comparison with the changes of erl.
-/+10% Change of sr2
Figure 5.28 shows the comparison of changes of sr2. A ten percent decrease of sr2 leads to 
a wider bandwidth (+0.65%) and a ten percent increase of sr2 results in wider bandwidth 
(0.85%). The centre frequency and roll-off of both cases are not changed.
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Figure 5.28: Comparison with the changes of sr2.
-/+10% Change of Width of Line
Figure 5.29 shows the comparison of width changes of line. A ten percent decrease of 
line width leads to a wider bandwidth (+2.16%) and slightly right shift by 0.085GHz. The 
roll-off is not changed A ten percent increase of line width results in a narrower 
bandwidth (-0.44%) with better roll-off of !5,2il=-39dB at 5GHz.and slightly left shift of 
0.055GHz.
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Figure 5.29: Comparison with the changes of width of line.
-/+10% Change of Spacing of Each Coupled-Lines Section
As can be seen from Figure 5.30, a ten percent decrease of line spacing results in a wider 
bandwidth (+1.87%). The centre frequency and roll-off in this case are not changed. On 
the other hand, a ten percent increase of line spacing leads to a narrower bandwidth (- 
0.08%) with better roll-off of l^ i l=-40dB at 5GHz and the centre frequency is not 
changed.
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Figure 5.30: Comparison with the changes of spacing of line.
-/+10% Change of Length of Line
Figure 5.31 shows the comparison of length changes of line. A ten percent decrease of 
line length lets the whole response shift to the right by about 1.031 GHz and a wider 
bandwidth (+0.71%) with better roll-off of l^ i l=-42dB at 5GHz. A ten percent increase of 
length of line makes the whole response shift to the left by 0.865GHz with worse roll-off 
of !52il=-35dB at 5GHz.
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Figure 5.31: Comparison with the changes of length of line.
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Summary
The following points can be noticed based on the original filter design:
• Increasing of the thickness of alumina substrate would increase the bandwidth of 
the filter with a worse roll-off while the decrease of the thickness of alumina 
substrate would decrease bandwidth of the filter with better roll-off.
• Change of the thickness of dielectric paste (-/+10%) would increase slightly the 
bandwidth of the filter while the centre frequency and roll-off remained essentially 
unchanged.
• Change of (eri and e^) would result in slightly higher bandwidth of the filter and 
the centre frequency and roll-off would be the same as the original response.
• Change of line width of each section would result in different centre frequency.
• Decreasing of line spacing of each section would have a wider bandwidth.
• Increasing of the length of all lines would shift the whole response to a higher 
frequency with wider bandwidth while decrease of the length of all lines would 
shift the whole response to a lower frequency with wider bandwidth.
Based on this analysis and referring to the measured results of the multilayer filter circuit
at 10GHz as shown in Figure 4.23, the combined effect of all possible sources of errors 
can influence the electrical performance of the filter circuit. The width error has influence 
on the impedance matching, while any error due to the change of the spacing results in the 
variations of the design’s bandwidth. The slight shift in the centre frequency of the filter 
may have been due to shrinkage effects on the lengths of lines. In addition, the errors due 
to the variations of substrate properties in production, including the thickness and the 
relative dielectric constant have influence on the final circuit performance. This analysis 
will be particularly useful for millimetre-wave designs, where fabrication errors become 
critical issues.
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5.4.7 Misalignment Analysis
The benefits of a multilayer approach to the design of microwave components have been 
emphasized in the previous sections. However, these benefits can be lost if there are 
significant errors in the fabrication process. The crucial aspect in the fabrication is that of 
registration between the conductors on different layers of the structure. To investigate the 
effects of registration error on RF performance we considered both (Lerr) and (Serr) errors 
between the top and embedded conductors, as defined in Figure 5.32, for the filter designs 
at 5GHz, 10GHz and 15GHz.
top
top
Top Layer
Em bedded Layer emb
Figure 5.32: Layout of the multilayer ECBPF design.
It can be seen from Figure 5.33 and Figure 5.34 that the registration error occurred in the 
Lerr direction shrinks the working bandwidth to the centre frequency and results in higher 
insertion loss when Lerr is larger. Furthermore, the Lerr misalignment results in greater 
shrinkage of operating bandwidth when the operating frequency goes higher. It is found at 
10GHz that a misalignment of 0.1mm in the L^-direction caused a decrease of 0.072% in 
the bandwidth of the filter and increase of 0.035dB in the insertion loss. Figure 5.35 
shows that misalignment of 0.01mm in the SWr-direction at 10GHz caused a decrease of 
0.237dB in the insertion loss, so the Serr misalignment causes coupling error in the 
structure, leading to mismatch within the passband and the response will be more 
sensitive to error at higher frequencies. It is clearly seen from this analysis that the most
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significant factor for the performance of final circuits is the alignment in 5err-direction 
between layers which may result in the change of coupling behaviour of filter sections.
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Figure 5.33: Comparisons of designs according to bandwidth on Lerr alignment error.
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Figure 5.34: Comparisons of designs according to insertion loss on Lerr alignment error.
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Figure 5.35: Comparisons of designs according to insertion loss on S err alignment error.
5.4.8 Skew of Conductors
Another major misalignment error, which is often ignored, is the skewing of the top 
conductors, relative to those on the lower level. Figure 5.36 and Figure 5.37 show the 
layout of multilayer ECBPF without/with skew between conductor layers, respectively. 
Figure 5.37 illustrates the definition of skew angle {6skew)- It was found that the skew 
angle altered the coupling behaviour of the filter sections. Table 5.8 shows the simulated 
results of the centre frequency, bandwidth and insertion loss for different skew angles for 
the filter design at 10GHz. Figure 5.38 demonstrated the simulated responses of the filter 
when {6Skew = 1 ° ) and {6skew -  5°), compared with the original response (with no skew 
between the conductor layers). It can be seen when the skew angle increases to {6skew = 
5°), the centre frequency of the whole response shifts to the right by 0.18GHz while the 
bandwidth of the filter decreases by 28.6% and the insertion loss increases by 0.83dB. It 
is clearly seen that any registration error due to skewing between conductor layers may 
result in a significant change of coupling between the filter sections. This change will 
cause a shrinkage of the working bandwidth and an increase of the insertion loss. This 
analysis can provide useful information on the degree of acceptable misalignment during 
the fabrication process.
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Figure 5.36: The layout of multilayer ECBPF without skew between conductor layers.
Emb, Cond.
Figure 5.37: The layout of multilayer ECBPF with skew between conductor layers.
Oskew (°) fc (GHz) BW  (%) 15*211 (dB)
0 10.08 35.00 0.31
0.5 10.02 29.80 0.36
1 10.01 24.70 0.38
2 9.98 15.20 0.48
3 9.93 10.80 0.68
4 9.92 8.10 0.94
5 9.90 6.40 1.14
Table 5.8: Simulated results with different skew angles (0skew) at 10GHz.
139
Chapter 5
dB
|S211, 1 deg.
- 10 -
|S211, 5 deg.-20 |S11|? 5 deg.
- 30—
|S111, 0 deg.]S211.0 deg.
-40
-50
157 9 11 135
freqt GHz
Figure 5.38: Simulated responses with different skew angles (0skew) at 10GHz.
5.5 Design Examples (II)
5.5.1 Overview
Other design examples of multilayer edge coupled bandpass filters are presented at 
different operating frequencies; 25GHz and 35GHz. Table 5.9 summarizes the design 
specifications for filters operating at 25GHz and 35GHz and using the material 
parameters as indicated in Table 5.10.
Specifications
Centre Frequency 25 GHz 35 GHz
3dB Bandwidth A 10% 10%
Roll-Off IS2il<-30dB at 20GHz LS21k-25dB at 25GHz
No. of sections L 4 4
Ripple O.OldB O.OldB
Table 5.9: Design Specifications for filters at 25GHz and 35GHz.
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Dielectric 1 96% Alumina
Sri 9.5
h7 254pm
tanSj 0.0004
Dielectric 2 KQ 150
£r2 3.9
h2 10pm
tanS2 0.0004
t 10pm
Table 5.10: Material parameters for the multilayer structures.
The element values with O.OldB equal-ripple for 4 sections are [19]:
8 i 82 8 3 8 4
0 .6 2 9 0 .9 7 0 0 .6 2 9 1 .0 0 0
The admittance inverters are calculated using equation (2.18), [19]:
Jl Ji J3 J4
0 .0 1 4 0 .0 0 8 0 .0 0 8 0 .0 1 4
The even and odd mode impedances are found using equation (2.19), [19]:
Section, n i 2 3 4
ZoeiP) 87.5 62 62 87.5
z 0om 37.5 42 42 37.5
The characteristic impedances of the two lines of each section can be obtained using 
equation (5.1), which can be used to obtain the physical dimensions of the filter with the 
aid of simulation packages as shown in the following section.
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5.5.2 Multilayer ECBPF Design at 25GHz
The filter design had a centre frequency at 25GHz with required fractional bandwidth of 
10% and roll-off of IS21 l<-30dB at 20GHz. Table 5.11 shows the physical dimensions for 
each coupled-lines section of the filter design.
Section, n 1 2 3 4
wtov 238 297 297 238
Ltop 1185 1160 1160 1185
Wemb 193 229 229 193
Lemb 1102 1092 1092 1102
s 25 160 160 25
Unit:gm
Table 5.11: Physical dimensions of the filter at 25GHz.
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Figure 5.39: Simulated response of a multilayer ECBPF design at 25GHz.
As can be seen from Figure 5.39, the filter has a centre frequency at 25GHz and fractional 
bandwidth is about 4.85GHz which is 19.4% and roll-off of l^ i l<-24dB at 20GHz. The 
maximum insertion loss within the passband is about 0.533dB. The return loss is below 
lOdB which represents good matching of circuit around the operating frequency band. 
The required bandwidth is achieved and the performance of the final filter is acceptable.
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5.5.3 Multilayer ECBPF Design at 35GHz
The filter design had a centre frequency at 35GHz with required fractional bandwidth of 
10% and roll-off of l^il<-25dB at 30GHz. Table 5.12 shows the physical dimensions for 
each coupled-lines section of the filter design.
Section, n 1 2 3 4
wtop 247 309 309 247
Ltop 814 793 793 814
Wemb 210 260 260 210
Lemb 761 755 755 761
s 25 165 165 25
Unit:|rm
Table 5.12: Physical dimensions of the filter at 35GHz.
20 25 30 35 40 45 SO 55
freq, GHz
Figure 5.40: Simulated response of a multilayer ECBPF design at 35GHz.
In Figure 5.40, the filter design has a centre frequency at 34.855GHz with 3dB bandwidth 
about 6.75GHz (19.366%) and the roll-off of 15*21 !<-30dB at 25GHz. The maximum
143
Chapter 5
insertion loss during the passband is around 0.63ldB and the return loss is almost below 
lOdB.
5.5.4 Measurements
For the measurement of 25GHz multilayer circuit, as shown in Figure 5.41, the measured 
centre frequency was 25.3GHz with a 3dB bandwidth of approximately 4GHz (15.8%) 
and the roll-off of l5,2ii<-36dB at 20GHz. The maximum insertion loss in the passband 
was 1.1 ldB.
-10
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Simulated |S21|; 
Measured |S111 
Measured |S21 j
-30
-40
24 26 3020 22 28
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Figure 5.41: Simulated and measured responses of the multilayer filter at 25GHz.
Figure 5.42 is a photograph of the fabricated circuit of the multilayer ECBPF at 35GHz 
using photoimageable thick film process. Figure 5.43 shows a comparison between the 
simulated and measured responses of the filter. The measured filter had a centre 
frequency of 34.85GHz with a 3dB bandwidth about 6.75GHz (19.3%) and the roll-off of 
IS2il<-30dB at 25GHz. The maximum insertion loss in the passband was around 0.63ldB. 
The return loss was below lOdB which represented reasonably good matching of the 
circuit around the operating frequency, and met the required specification.
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Figure 5.42: Photograph of the multilayer ECBPF at 35GHz.
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Figure 5.43: Simulated and measured responses of the multilayer filter at 35GHz.
It is seen from the results of the filter circuits at 25GHz and 35GHz that the bandwidth 
reduces and the centre frequency slightly shifts. The reason was mainly due to the 
shrinkage of the conductors during firing process, which resulted in the changes of 
dimensions and performance. The shrinkage of conductor length caused an increase of the 
spacing of the conductors of each filter section, and this was the main reason for the shift 
of centre frequency of the filter in comparison with the design specifications. This will
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change the values of Zoe and Zo0, in the fabricated filter, and cause a mismatch, leading to 
a worse return loss.. Furthermore, the reasons of the ripples in the response were due to 
the errors of calibration procedure, and of the multiple reflections between the circuit and 
instrumentation including the VNA and the cables. In addition, if the fired feedline was 
not precisely defined, it would be some gaps between the feedline and the probe. At lower 
frequency, there was a gap or discontinuity between the feedline and the probe. This gap 
may be small at lower frequency, but the same size of the gap could be relatively large at 
higher frequency. That was another reason of the ripples which had significant effects at 
higher frequencies. The losses due to the dielectric material and bulk conductors had a 
significant effect on the circuit response and the additional insertion loss may be due to 
the surface roughness of the fired circuits
5.5.5 Misalignment Analysis
As mentioned earlier in this chapter, one of the most important aspects in fabricating 
multilayer circuits is to achieve precise alignment between the different layers in the 
structure. This issue is very crucial as misalignment can cause a significant loss in the 
circuit performance, thereby loosing the advantages of multilayer over the single layer 
circuits. The effects of the registration error (misalignment) on the RF performance were 
investigated. Both (Lerr) and (Serr) error were considered, as shown in Figure 5.32, for the 
filter designed at 25GHz compared with filter design at 5GHz.
The effect of registration error in the Lerr direction can be seen in Figure 5.44 and Figure 
5.45. It is clearly shown that both the working bandwidth and the insertion loss are both 
adversely affected, and that the effects worsen as the operating frequency increases. It 
was seen from the results that a misalignment of 0.1mm in the Le/r-direction at 5GHz 
caused a decrease of 0.04% in the bandwidth of the filter, and an increase of 0.012dB in 
the insertion loss, while a misalignment of 0.01mm in the ^ -d irection  caused an 
increase of 0.215dB change in the insertion loss. However, a misalignment of 0.1mm in 
the Lerr-direction at 25GHz caused a decrease of 0.57% in the bandwidth of the filter, but 
an increase of 0.23dB in the insertion loss. Figure 5.46 shows that misalignment of 
0.01mm in the ^redirection at 25GHz caused a decrease of 0.258dB in the insertion loss. 
This was the result of mismatch within the passband.
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Figure 5.44: Effect of misalignment in Le/r-direction on bandwidth at 5GHz and 25GHz.
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Figure 5.45: Effect of misalignment in L^-direction on the insertion loss at 5GHz and
25GHz.
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Figure 5.46: Effect of misalignment in Serr-direction on the insertion loss at 5GHz and
25GHz.
It can be seen from Figure 5.47 that increase of registration error in the Lerr-direction for 
the filter circuit at 35GHz shrinks the working bandwidth and results in greater insertion 
loss. It was found that a misalignment of 0.1mm in the L^-direction caused a decrease of 
0.8% in the bandwidth of the filter and 0.5dB change in the insertion loss. Figure 5.48 
shows that a misalignment of 0.01mm in the 5err-direction causes 0.3ldB change in the 
insertion loss. The analysis showed that lateral misalignment in both orthogonal 
directions can cause significant loss in the filter performance due to the significant change 
in the coupling between the filter sections. Clearly the results indicate that registration 
between the layers is the key issue when fabricating such coupling structure in multilayer 
configuration, and the performance of multilayer filters are more sensitive to error when 
the operating frequency goes higher.
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Figure 5.47: Effect of misalignment in Lerr-direction on bandwidth and insertion loss at
35GHz.
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Figure 5.48: Effect of misalignment in S^-direction on the insertion loss at 35GHz.
Figure 5.49 shows the effects of skew of conductor layers on bandwidth and insertion loss 
of the filter at 35GHz. It can be seen when the skew angle increases to (6skew = 0.1°), the 
bandwidth of the filter decreases by 5.6% and the insertion loss increases by 0.133dB. It
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is clearly seen that any registration error due to skewing between the conductors may 
result a shrinkage of the working bandwidth and an increase of the insertion loss.
2 0
15
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0.40.2 0.6 10 0.8
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9 (deg)
Figure 5.49: Effect of skew of conductors on bandwidth and insertion loss at 35GHz.
5.6 Discussion
Design procedures for single and multilayer edge coupled bandpass filters have been 
validated through practical measurements, and found efficient and applicable for edge- 
coupled filters with various specifications. The work has shown that the photoimageable 
thick film technology is capable of realizing the circuit quality necessary for high 
performance microwave and millimetre-wave components. It has been shown that the 
multilayer filters offer benefits in overcoming the limitation of the conventional single 
layer components.
Table 5.13 shows the measured results of single layer and multilayer ECBPFs. At 5GHz 
and 10GHz, multilayer filters had almost the same performance as the single layer filters. 
However, the multilayer circuits performed better as they worked closer to the design 
specifications compared with the single layer filters. The insertion loss for the single layer 
filters were also higher compared with the multilayer, which suggested that the multilayer 
filters were able to provide a better impedance match. The multilayer filters had better 
responses than the single layer filters at 15GHz, 25GHz and 35GHz, and provided wider 
bandwidth with lower insertion loss.
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Freq.
(GHz) Changes of Single Layer ECBPF Multilayer ECBPF
5 Bandwidth 38.4 % 34.2 %
Insertion Loss 1.08 dB 0.02 dB
10 Bandwidth 31.97 % 30.2 %
Insertion Loss 1.09 dB 0.01 dB
15 Bandwidth 30.6 % 35.74%
Insertion Loss 1.07 dB 0.89 dB
25 Bandwidth 11.3% 15.8 %
Insertion Loss 2.47 dB 1.11 dB
35
Bandwidth 12.3 % 19.3 %
Insertion Loss 3.8 dB 0.63 dB
Table 5.13: Measured results of single layer and multilayer ECBPFs.
An error analysis has provided information on the effects of misalignment error in the 
fabrication of multilayer filters at microwave and millimetre-wave frequencies as shown 
in Table 5.14. The registration error occurred in the Len-direction shrank the working 
bandwidth to the centre frequency and resulted in greater insertion loss, and the Serr 
misalignment resulted in higher insertion loss. In addition, any registration error due to 
skewing between conductor layers shrank the working bandwidth and resulted in greater 
insertion loss. It was found that the performance of multilayer filters were more sensitive 
to error when the operating frequency was higher.
Freq.
(GHz) Changes of
Misalignment of 
0.1mm in Leer- 
direction
Misalignment of 
0.01mm in Seer- 
direction
@Skew — 
0.1°
5 Bandwidth -0.04 %
- -0.893 %
Insertion Loss 0.012 dB 0.215 dB 0.007 dB
10 Bandwidth -0.072 %
- -1.04 %
Insertion Loss 0.035 dB 0.237 dB 0.01 dB
15 Bandwidth -0.352 %
- -2.85 %
Insertion Loss 0.092 dB 0.245 dB 0.075 dB
25 Bandwidth -0.57 dB
- -4.04 %
Insertion Loss 0.23 dB 0.258 dB 0.106 dB
35
Bandwidth -0.80 % - -5.60 %
Insertion Loss 0.50 dB 0.310 dB 0.133 dB
Table 5.14: Effect of misalignment error on the multilayer ECBPFs.
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5.7 Summary
Design procedures for multilayer edge-coupled bandpass filters (ECBPFs) are developed 
and validated through practical measurements. These design procedures were found to be 
efficient and applicable for this type of filter design to meet the required specifications. 
The work had identified some critical aspects of the fabrication process that was not 
previously reported in the literature.
These filter circuits were fabricated using photoimageable thick film technology at 
different frequencies. The influence of the fabrication process on the performance of 
multilayer ECBPFs circuits had been investigated. Multilayer structures offer more 
flexibility in the design of circuits and can provide stronger coupling between conductors 
that is frequently needed in the design of filters, and this can be obtained easily by 
overlapping multilayer coupled lines, without the need for small gaps. The measured 
results of multilayer ECBPFs were compared with those from conventional single layer 
circuits. The results had shown that the filters in multilayer structure can overcome the 
limitation of the conventional single layer components. The outcomes of the research 
work showed the performance benefits that accrue from the use of multilayer circuits, in 
terms of a significant improvement in bandwidth while maintaining the quality of filter 
roll-off. On the other hand, the advantages of fabricating multilayer filter circuits can be 
lost if there are significant errors in the layer-to-layer registration. The problem of 
multilayer alignment registration using mask aligner has significant influence on the 
performance of the filter circuits.
It is evident that high quality components with wide bandwidth are feasible with low cost 
fabrication processes using multilayer structures. The analysis of possible sources of error 
during fabrication process can provide useful practical guidelines for the material 
manufacturers and the circuit designers. The error analysis due to the layer-to-layer 
misalignment provided essential guidelines to the circuit designers for deciding the degree 
of alignment accuracy needed for a particular application.
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6  Conclusions and Suggestions for Future Work
6.1 Conclusions
The influence of the material properties on the electrical performance of microwave and 
millimetre-wave planar circuits has been investigated. The substrates considered were 
RT/Duroid 5870 {with copper conductors}, polymer {with copper conductors}, Low 
Temperature Co-fired Ceramic (LTCC) {with silver conductors}, 99.5% alumina {with 
silver conductors}, in order to compare and analyse the performance of these substrates 
materials over the frequency range 1GHz to 80GHz. For each substrate, the analysis of 
materials properties was applied to the design of typical microstrip patch antennas. This 
investigation is useful to enable circuit designers to effectively make an optimum choice 
of materials for a particular application. The fabrication techniques, in conjunction with 
the characteristics of the materials, determine the quality of the final circuits. Since there 
is a wide range of available materials with various values of thickness and relative 
dielectric constant, design rules have been established to make the appropriate choice for 
a particular application over different frequency bands.
The combination of thick film technology and fabricating microwave circuits has the 
potential to meet the circuit requirements for modem communication systems. This 
research work presents a feasibility study on thick film conductors on 96% alumina 
substrates applied to the edge-coupled bandpass filters (ECBPFs), and analyses the 
influence of thick film materials on the circuit performance at different ranges of 
frequency bands, up to 35GHz. An analysis of plus/minus ten percent change of physical 
dimensions of the edge-coupled bandpass filter (ECBPF) has been investigated to study 
the influence of these changes on the final circuit performance.
This research has demonstrated a possible solution to overcome the limitation of 
conventional thick-film technology and also achieve high performance circuits with a low
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cost technique by using photoimageable thick-film technology. Moreover, this technology 
offers the potential for low loss, compact microwave components that can be mass 
produced. In particular, photoimageable thick-film technology is ideal for producing 
multilayer microwave components, through successive print-and-fire stages. This 
technology is capable of realizing the circuit quality necessary for high performance 
microwave and millimetre-wave components. It provides the microwave designers with 
the valuable opportunity to design in three dimensions.
Design procedures for edge-coupled bandpass filters (ECBPFs) in single layer 
configuration have been presented. Filter circuits were fabricated on 96% alumina 
substrate at different frequency bands, up to 35GHz. Good agreement between the 
simulated and the measured results was achieved with operating bandwidths up to 15- 
20%. In single layer filter designs, significant adverse performance effects arise from 
fabrication errors, particularly in the gap size of the edge-coupled sections. The gap 
between two resonant structures can be very small, and not easily fabricated due to the 
limitations of standard thick film technology. Multilayer structures offer more flexibility 
in the design of circuits. The strong coupling is frequently needed in the design of filters, 
and can be obtained easily by overlapping multilayer coupled lines without the need for 
small gaps. Thus, multilayer circuits provide a reliable alternative to single layer circuits, 
and overcome some of the fabrication constraints encountered in single layer structures. 
Also, multilayer circuits are able to yield better electrical performance. Design procedures 
for multilayer edge coupled bandpass filters have been validated through practical 
measurements. They were found to be efficient and applicable for this type of filter design 
with different specifications required. The work has identified some critical aspects of the 
fabrication process that was not previously reported in the literature. It has been shown 
that misalignment issue can have critical effects on RF performance. The outcomes of this 
project research can provide the circuit designers with typical guidelines for the degree of 
misalignment that would be acceptable in practical circuits.
6.2 Suggestions for Future Work
In this research work, design procedures for single layer and multilayer ECBPFs have 
been developed and validated through experimental results using photoimageable thick
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film technology. The following are some suggestions for possible applications:
• Design and fabrication single layer and multilayer ECBPFs in higher frequency 
using photoimageable thick film technology:
The design procedures developed in this thesis can be applied to design ECBPFs at 
higher millimetre-wave frequency using photoimageable thick film technology. The 
sensitivity of the circuit performance to the alignment error is a critical issue when 
the frequency goes higher. Therefore, a precise mask aligner will be needed to 
achieve the required degree of resolution.
• Applying multilayer structure to other microwave and millimetre-wave 
components:
End-coupled bandpass filters are one of significant applications of multilayer 
microwave structures. They have been widely used for modem communication 
systems with high performance and low fabrication cost [58]. The general 
configuration of an end-coupled bandpass filter is shown in Figure 6.1. The design of 
single layer end-coupled bandpass filters is well documented in the literature [59]. 
The end-coupled bandpass filters are used for narrow bandwidth applications (about 
5%) due to the restriction of fabricating small gaps between the ends of the filter 
sections. Tight coupling and broad bandwidth are difficult to realize in conventional 
single layer structure. It can be easily obtained by a multilayer structure as shows in 
Figure 6.2.
W
Figure 6.1: The layout of single layer end-coupled bandpass filters.
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Figure 6.2: The layout of multilayer end-coupled structure,
(a) Cross-sectional view (b) Top view
The overlapping between two conductor lines on different dielectric layers is a crucial 
issue in the design of multilayer end-coupled bandpass filter. Design procedures for 
multilayer end-coupled bandpass filters can be developed using basic electromagnetic 
mathematical expressions and circuit simulation to achieve good design efficiency 
[60]. An analysis of the effect of fabrication error including the registration error 
between the conductor layers is necessary to obtain accurate registration of the 
different layers in order to get high circuit performance.
• Design and fabrication of multilayer ECBPFs using LTCC process:
Low temperature co-fired ceramics (LTCC) technology has been widely used for high 
frequency components. LTCC technology applications can meet the requirements of 
the high speed wireless systems such as compactness, low cost, enhanced 
performance, and a high-level of integration [61]. LTCC process is well documented 
in the literature [62]. The bandpass filters can be integrated on the multilayer LTCC 
substrate. LTCC technology is able to generate multilayer filter circuits with high line 
resolution and high reliability (down to 50pm for lines and spaces) [63].
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The design procedures developed in this thesis can be applied to design ECBPFs at 
higher millimetre-wave frequency using LTCC technology. The outcomes of this 
thesis, the measured results of multilayer ECBPFs using photoimageable thick film 
technology can be compared with the multilayer LTCC filter circuits. The designer 
can choose the suitable technology, since that the influence of fabrication error is 
critical issue, especially at high millimetre-wave frequency [64].
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